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Kurzfassung
Die eﬃziente Hydrolyse von Cellulose, als Hauptbestandteil pﬂanzlicher Biomasse,
ist entscheidend für die wirtschaftliche Produktion von Biokraftstoﬀen der 2. und
3. Generation. Die enzymatische Hydrolyse ermöglicht die selektive Umsetzung
von Cellulose zu Glucose bei moderaten Reaktionsbedingungen. Die Eﬃzienz
der enzymatischen Cellulosehydrolyse ist maßgeblich durch die widerstandsfähi-
ge und hochorganisierte Struktur der Cellulose limitiert. Daher wird Cellulose
vorbehandelt, um die Zugänglichkeit für die Cellulasen zu erhöhen.
Zur Cellulosevorbehandlung können ionische Flüssigkeiten als neuartige Lösungs-
mittel eingesetzt werden. Einige sind in der Lage, Cellulose aufzulösen und so die
komplexe Cellulosestruktur vollständig zu öﬀnen. Die gelöste Cellulose lässt sich
durch die Zugabe von Wasser ausfällen und die so regenerierte Cellulose weist
eine stark veränderte amorphe Partikelstruktur mit großen Poren auf, wodurch
die Zugänglichkeit der Celluloseketten für die enzymatische Hydrolyse deutlich
erhöht wird. Dies führt zu einer erheblichen Steigerung der Reaktionsrate.
Es wurde die heterogene enzymatische Hydrolyse von ungelöster, regenerierter
Cellulose mit kommerziellen Cellulasen untersucht. Dabei wurde analysiert, wie
Restmengen von ionischer Flüssigkeit aus der Vorbehandlung sich auf die Cel-
lulasen auswirken. Die ionische Flüssigkeit reduzierte zwar die Aktivität der
Cellulasen, jedoch bei erhaltener Stabilität. Daher konnte regenerierte Cellulose
auch mit Restmengen von ionischer Flüssigkeit schneller hydrolysiert werden. Die
Ausbeuten waren jedoch verringert. Daher wurde die Mischung der Cellulasen
für die Hydrolyse von regenerierter Cellulose mit einem semi-empirischen Modell
optimiert. Die Ausbeute konnte dadurch erfolgreich um 10 % Punkte erhöht
werden. Eine noch eﬃzientere Hydrolyse der Cellulose innerhalb von 5 h wurde
durch eine Kombination von chemischer und enzymatischer Hydrolyse erreicht.
V
Neben der heterogenen Cellulosehydrolyse, wurde auch die homogene Hydrolyse
von in ionischen Flüssigkeiten gelöster Cellulose untersucht. Da bisher bei hohen
Konzentrationen an ionischer Flüssigkeit (>80%(v/v)) noch nie Cellulaseaktivität
gemessen wurde, mussten zunächst zwei unabhängige Messmethoden entwickelt
werden, um die Cellulaseaktivität zu quantiﬁzieren. Mit einer neuartigen Cellulase
aus dem extremophilen Archaeon Sulfolobus solfataricus konnte so erstmals eine
Cellulaseaktivität auf gelöster Cellulose in nahezu reiner ionischer Flüssigkeit
gemessen werden. Dadurch wurde gezeigt, dass die homogene Hydrolyse von in
ionischer Flüssigkeit gelöster Cellulose grundsätzlich möglich ist.
Für ein verbessertes ganzheitliches Verständnis der Cellulosehydrolyse wurde
ein mechanistisches Modell für die Hydrolyse gelöster Cellulose entwickelt. Mit
Hilfe von Populationsbilanzen wurden dabei die Veränderungen der Cellulose-
Polymerkettenlängenverteilung im Laufe der Hydrolyse abgebildet. Dieser Model-
lierungsansatz wurde zunächst für das Beispiel einer chemischen Cellulosehydrolyse
eingesetzt und eine Parameterschätzung durchgeführt. Im Anschluss wurden ver-
schiedene Modelle der homogenen enzymatischen Cellulosehydrolyse entwickelt
und Parametervariationen durchgeführt, um die Einﬂussfaktoren der homogenen
enzymatischen Cellulosehydrolyse zu charakterisieren.
Um zukünftig die Cellulosehydrolyse noch besser charakterisieren und mit dem
Populationsbilanzmodell verknüpfen zu können, wurde eine neue Methode zur Mes-
sung von Cellulosekettenlängenverteilungen entwickelt. Diese Methode vereinfacht
die Probenvorbereitung und ermöglicht daher deutlich schneller Celluloseketten-
längenverteilungen mit Gelpermeationschromatographie zu messen. Mit dieser
Methode war es möglich, die Kettenlängenverteilungen im Laufe der enzymati-
schen Hydrolyse von verschiedenen Cellulosetypen sowie regenerierter Cellulose
zu messen. Dabei könnte ein deutlicher Einﬂuss der Cellulosevorbehandlung auf
die Hydrolyseaktivität der Enzyme gezeigt werden.
Mit den hier vorgestellten Ergebnissen wurden wesentliche neue Erkenntnisse zum
besseren Verständnis der durch ionische Flüssigkeiten vorbehandelter Cellulose-
hydrolyse erarbeitet. Damit sind wichtige Schritte hin zu einem vollständigen
mechanistischen Cellulasemodell erfolgt, um die enzymatische Cellulosehydro-
lyse für unterschiedliche Vorbehandlungsmethoden zu optimieren und so eine
wirtschaftlich eﬃziente Umsetzung von Cellulose in Bioraﬃnerien zu ermöglichen.
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Abstract
The eﬃcient hydrolysis of cellulose, which is one major component of plant biomass,
is crucial for the economic production of 2nd and 3rd generation biofuels. Enzymatic
cellulose hydrolysis allows for the selective conversion of cellulose to glucose at
moderate reaction conditions. The eﬃciency of enzymatic cellulose hydrolysis is
primarily limited by the accessibility of the cellulose polymer to cellulases due to
the highly organized and recalcitrant cellulose structure. Therefore, cellulose is
pretreated to increase the availability of cellulose for cellulases.
For cellulose pretreatment ionic liquids, as new generation of solvents, are attractive
because some of them can dissolve cellulose and thereby open the highly organized
cellulose structure. Dissolved cellulose can then be precipitated by addition of
water, leading to an amorphous regenerated cellulose structure with large pores.
Therefore, regenerated cellulose can be hydrolyzed much more eﬃciently with
strongly increased reaction rates.
The enzymatic heterogeneous hydrolysis of undissolved, regenerated cellulose with
a commercial cellulase preparation was characterized and the eﬀect of residual ionic
liquid from the pretreatment was analyzed. The ionic liquid strongly reduced the
cellulase activity but the enzyme stability was maintained. Therefore, regenerated
cellulose was hydrolyzed much faster, also in the presence of residual ionic liquid.
However, with increasing amounts of ionic liquid, the yields were reduced. To
improve the hydrolysis of regenerated cellulose a semi-empiric mathematical
model was developed. This was successfully used to rationally optimize the
cellulase mixture and increase the yield by 10% points. An even further improved
process was achieved by combining a chemical hydrolysis step with the enzymatic
hydrolysis to achieve nearly quantitative conversion in only 5 hours.
In addition to the heterogeneous hydrolysis of undissolved cellulose, the homo-
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geneous hydrolysis of dissolved cellulose in ionic liquid was evaluated. Since
common cellulases are not active at such high ionic liquid concentrations, two
new analytical techniques based on sugar formation and viscosity decrease were
developed to quantify cellulase activity in this ionic liquid reaction system. Using
a new cellulase from the extremophile archaeon Sulfolobus solfataricus, it was
possible to measure cellulase activity in nearly pure ionic liquid for the ﬁrst time.
Therefore, it was demonstrated that the homogeneous enzymatic hydrolysis of
cellulose dissolved in ionic liquid is generally feasible.
For a holistic understanding of enzymatic cellulose hydrolysis, mechanistic model-
ing is a powerful tool. A mechanistic population balance model for homogeneous
cellulose hydrolysis was developed that describes changes in chain length distribu-
tions. The parameters of a chemical hydrolysis model were estimated to verify
the applicability of population balance modeling to describe cellulose hydroly-
sis. Afterwards, models for the enzymatic cellulose hydrolysis were developed
and parameter variations revealed inﬂuencing factors of homogeneous enzymatic
cellulose hydrolysis.
For a further in-depth analysis of cellulose hydrolysis and to provide the required
experimental data for future population balance modeling, a new method to
analyze cellulose chain length distributions was developed. This method simpliﬁes
sample preparation and thereby, allows to measure cellulose chain length distribu-
tions much faster. This method was applied to measure and compare chain length
distributions of diﬀerent cellulose substrates, in original form and regenerated
from ionic liquid, during the enzymatic hydrolysis. It was found that the cellulase
hydrolysis reaction was signiﬁcantly inﬂuenced by the accessibility of the diﬀerent
substrates.
Based on the work presented here, fundamental new aspects of ionic liquid assisted
enzymatic cellulose hydrolysis were identiﬁed. Future work based on these results
can ultimately lead to a fully mechanistic model of cellulose hydrolysis that allows
for the optimization of enzymatic cellulose hydrolysis, irrespective of biomass
origin or pretreatment method. Furthermore, it will be possible to identify targets
for the optimization of cellulases and pretreatment method. Therefore, this will be
a central element for the economic conversion of cellulose in future bioreﬁneries.
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ksyn,EG,CBH initial rate gain for EG and CBH
hydrolysis
h−1
ksyn,max maximal initial rate gain obtained at
optimal cellulase loadings
h−1
KE half saturation constant g L−1
Km Michaelis-Menten constant g L−1
Ki competitive inhibition constant mM
K ′i uncompetitive inhibition constant mM
Mw weight average molecular weight g/mol
Mn number average molecular weight g/mol
t time min, h or d
v cellulase activity μmol L−1 h−1
v0 initial cellulase activity μmol L−1 h−1
vmax maximal cellulase activity μmol L−1 h−1
Θ heavyside function -
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1 Introduction
With the depletion of fossil fuels, new renewable resources have to be exploited for
the production of chemicals, materials, and fuels (IPCC, 2007). The conversion of
renewable resources is performed in bioreﬁneries that convert biomass to fuels,
power, heat, and chemicals. For example, the production of ﬁrst generation
bioethanol from starch, sugar cane or sugar beet is already established on large
scale (Lynd et al., 1999; Huber et al., 2006). Disadvantages of ﬁrst generation
biofuels are the competition of raw materials with food and feed industry. In
case of wheat and corn only a small fraction of the plant is used for biofuel
production (Palatinus et al., 2007). To overcome these limitations, new renewable
feedstocks have to be exploited (Huber et al., 2006). Lignocellulosic biomass
is a very promising feedstock of the future because it is the most abundant
renewable polymer on earth (Bhat and Bhat, 1997). In contrast to fossil resources,
which mainly consist of hydrocarbons that have to be functionalized to obtain
the target molecules, lignocellulose as raw material is already a complex and
highly funtionalized molecule. Therefore, it is desirable to conserve as much of
this natural complexity as possible, which requires a very selective conversion
under mild conditions (Marquardtet al., 2010). The key challenge of lignocellulose
conversion is to open the highly organized structure without loosing the natural
functionality. This can be achieved by a combination of biomass pretreatment
and subsequent biocatalytic depolymerization (Huber et al., 2006).
1.1 (Ligno-)cellulose
Lignocellulose is the primary structural material of plants and trees. The three
main components are cellulose, hemicellulose, and lignin with average percentages
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of 35-50%, 20-35%, and 5-30%, respectively (Lynd et al., 2002; Kumar et al., 2009).
The composition strongly depends on the type and origin of the lignocellulose.
Cellulose is a linear polymer of β-1,4 glycosidically connected glucose molecules.
Each anhydroglucose unit is rotated by 180◦ to its neighboring molecules. The
resulting repeating unit of cellulose is the dimer anhydrocellobiose (Klemm et
al., 2005). Each cellulose polymer chain has one so-called reducing end because
the terminal hemiacetal is able to open, exposing the reducing aldehyde. The
other end of a cellulose polymer chain is called the non-reducing end because the
1-carbon of the hemiacetal is involved in the β-1,4 binding (Mosier et al., 1999;
Kumar et al., 2009). Furthermore, each polymer chain is characterized by its
degree of polymerization (DP), i.e. the number of anhydroglucose units (Zhang
and Lynd, 2004).
About 30 individual cellulose chains are assembled into a larger unit, called
elementary ﬁbril and also known as protoﬁbril. The elementary ﬁbrils are further
packed to a unit called microﬁbril, which again is assembled into the cellulose ﬁbre
(Lynd et al., 2002). The nature of the linear cellulose polymers, aligning side by side,
allows the formation of highly organized structures with strong hydrogen bonds
between the OH-groups of neighboring cellulose chains. Consequently, cellulose
can obtain a crystalline structure that can be characterized by X-ray diﬀraction
or NMR spectroscopy (Klemm et al., 2005). This tight packing is responsible for
the high resistance to mechanical, chemical or biological degradation and prevents
the penetration of cellulases and even small molecules such as water (Lynd et al.,
2002). Because not all cellulose ﬁbers assemble in crystalline formation, a fraction
of the cellulose is also non-crystalline. The non-crystalline regions of cellulose are
called amorphous. The crystallinity of cellulose can vary between 20% to pure
crystallinity (Klemm et al., 2005). Due to the amorphous regions, lignin, and
hemicellulose in the cellulose particle, the actually accessible surface area of a
cellulose ﬁbers for cellulases is larger than that of a pure crystalline ﬁber of the
same dimensions but hard to deﬁne exactly (Lynd et al., 2002).
The cellulose ﬁbers within lignocellulose are further connected with hemicellulose,
a polyglucane of diﬀerent C5-sugars, and lignin, a polyaromatic alcohol, connecting
the individual cellulose ﬁbers, respectively. The tight connection of these three
components further contribute to the high resistance of lignocellulose, strengthen
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the structure and therefore hinder the degradation of lignocellulose. For the
degradation of biomass diﬀerent strategies, such as gasiﬁcation, mechanical,
chemical or biological degradation, are under development. Chemical hydrolysis
for example can successfully degrade lignocellulose. However, the hydrolysis lacks
selectivity and a mix of undesired side products such as HMF or furfural are
produced. Enzymatic hydrolysis, which is presented in detail in the section 1.2,
oﬀers a highly selective conversion of cellulose to glucose under mild conditions.
However, the reaction times are relatively long with > 24 h and hemicellulose
and lignin residuals from the pretreatment inhibit the enzymes (Zhang and Lynd,
2004).
1.2 Enzymatic cellulose hydrolysis
For lignocellulose depredation, nature developed microorganismic systems that
convert lignocellulose in rotten wood. These microorganisms have developed a
set of enzymes, called cellulases, that selectively hydrolyze cellulose to glucose.
The best characterized cellulases are secreted by the fungus Trichoderma reesei
but other eucaryotic and bacterial sources are also applied (Mosier et al., 1999).
The enzymatic cellulose hydrolysis is a heterogeneous reaction because cellulose
is not soluble in the aqueous environment and therefore, the enzymes have to
bind to the surface of the cellulose particles to hydrolyze the polymer. Most of
the known cellulases have a common structure with a cellulose binding domain,
to attach to the undissolved cellulose, and a catalytic domain promoting the
hydrolysis reaction (Knowles et al., 1987). For eﬀective cellulose hydrolysis three
functionally classiﬁed cellulase activities are required. The endo-β-glucanases
(EG, EC 3.2.1.4) cleave cellulose chains in their middle but are only active in
amorphous regions of the cellulose. Exo-β-glucanase, also called cellobiohydrolases
(CBH, EC 3.2.1.91), hydrolyze cellulose chains from the ends of the polymer chains
and produce the dimer cellobiose. Cellobiohydrolase is also able to hydrolyze
crystalline regions of the cellulose. The exo-β-glucanases are again subdivided in
CBH I and CBH II which selectively hydrolyze from the reducing and non-reducing
end of the cellulose chain, respectively (Divne et al., 1994; Mosier et al., 1999).
Cellulases are strongly product inhibited, particularly by cellobiose (Holtzapple
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et al., 1990). Therefore, β-glucosidase (BG, EC 3.2.1.21) is essential to cleave
cellobiose to produce glucose (Abdel-Naby et al., 1998; Calsavara et al., 2001;
Chauve et al., 2010). In total, the cellulase mixture from T. reesei contains at least
two cellobiohydrolases, ﬁve endo-β-glucanases and one β-glucosidase (Vinzant
et al., 2001). The optimal cellulase mixture for enzymatic cellulose hydrolysis
varies for each type of substrate and for the respective pretreatment method.
Therefore, cellulase mixture optimization is a very important aspect for eﬃcient
cellulose hydrolysis (Rosgaard et al., 2007; Banerjee et al., 2010a,b,c). The main
factor currently limiting the eﬃciency of enzymatic cellulose hydrolysis is the
available surface area for the cellulases. Therefore, to increase the hydrolysis
eﬃciency, a pretreatment of the lignocellulose is necessary, that increases the
porosity, reduces the crystallinity and thereby provides a larger available surface
area for the cellulases (Alvira et al., 2010; Jeoh et al., 2007; Arantes and Saddler,
2010, 2011).
1.3 Lignocellulose pretreatment methods
The lignocellulose pretreatment has the goal to increase the eﬃciency of biomass
utilization by breaking the recalcitrant lignocellulose structure to increasing the
accessibility for depolymerization (Costa Sousa et al., 2009). Furthermore, it is
desirable to selectively separate the diﬀerent lignocellulose components cellulose,
hemicellulose, and lignin without the formation of side products, e.g. furfurals,
that can signiﬁcantly inhibit hydrolysis and subsequent fermentation (Larsson et
al., 1999; Sun and Cheng, 2002; Weil et al., 1994). Lignocellulose pretreatment is
an intensively studied area and a variety of pretreatment strategies are available
(Mosier et al., 2005; Yang and Wyman, 2008; Costa Sousa et al., 2009; Kumar
et al., 2009). The pretreatment step is a central part within the bioreﬁnery
and with 16-19% contribution to the total capital cost it is one of the most
expensive process steps (Aden et al., 2002). For each speciﬁc type of lignocellulose
the pretreatment has to be tailored and optimized (Mosier et al., 2005). A
pretreatment step can never be evaluated alone since the surrounding boundaries
aﬀect all subsequent unit operations (Yang and Wyman, 2008). Consequently,
the optimization of the pretreatment simultaneously with the hydrolysis and
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fermentation is necessary. Based on these considerations the ideal pretreatment
procedure would be universally applicable for all lignocellulose types, selective with
low energy consumption under modest conditions using biodegradable solvents that
are fully recyclable and yield constant output without hydrolysis or fermentation
inhibitors (Li et al., 2008).
The known pretreatment strategies can be categorized in physical, chemical, bio-
logical, and solvent fractionation methods (Costa Sousa et al., 2009). The physical
pretreatment methods are mainly based on mechanical stress such as ball milling.
Advantages of this method are an increased surface area of the lignocellulose while
reducing the degree of polymerization (DP) and the crystallinity. Disadvantages
are high energy demands and challenging scalability (Sidiras and Koukios, 1989;
Tassinari et al., 1980; Alvo and Belkacemi, 1997). Another prominent technology
within physical lignocellulose pretreatment is the pyrolysis for biomass gasiﬁcation,
also known as biomass to liquid (BtL) process (Kumar et al., 2009; Kilzer and
Broido, 1965; Shaﬁzadeh and Bradbury, 1979). The great advantage is that all
types of lignocellulose can be used as feedstock. However, the disadvantage of
this method is that the biomass is completely destructed to C1 components and
has to be re-functionalized and re-built in subsequent steps.
Chemical pretreatment methods are the most common pretreatment methods,
some of which combine the aspects of pretreatment and hydrolysis. They are fur-
ther subdivided in acid-, alkali-, and oxidation-based treatments. Acid hydrolysis
can be performed with dilute or concentrated acids (Buhner and Agblevor, 2004;
Lloyd and Wyman, 2005). The goal of acid hydrolysis is to hydrolyze hemicellulose
and separate lignin. An advantage of the acid treatment is that it is cheap but
a disadvantage is that acid hydrolysis has a low selectivity, and the resulting
degradation products like furfural, 5-HMF, and phenols can inhibit enzymes and
microorganisms in subsequent reaction steps. Other pretreatment methods are hot
water treatment (Mosier et al., 2005) or steam explosion which is very common
and relatively cost eﬀective. They can be applied for straw or grass treatment but
the disadvantage is that they are not suitable to break the very complex structure
for wooden lignocellulose. Both techniques are combinations of chemical and
physical treatment because water acts as an acid at high temperatures (Brownell
and Saddler, 1984; Ewanick et al., 2007). Well known representatives of the
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alkaline treatment are lime treatment and ammonia ﬁber expansion (AFEX).
AFEX pretreatment has the advantage of a relatively low energy consumption
and low side product formation but a particularly complex optimization for each
lignocellulose type is required (Teymouri et al., 2005). Lime treatment is very
cheap but has the disadvantage of very long reaction times of several weeks (Kaar
and Holtzapple, 2000; Kim and Hotzapple, 2005).
The biological pretreatments usually apply fungi to hydrolyze cellulose and degrade
lignin. They are low energy consuming but very time intensive up to several weeks
(Christian et al., 2005).
The solvent fractionation methods open the recalcitrant lignocellulose by disrupting
the hydrogen bonds. Thereby, lignin, hemicellulose, and cellulose are separated
selectively without the formation of byproducts. They are often not very energy
intensive but the solvent price and recycling may become prohibitory. Examples
for solvent fractionation pretreatments are the organosolve process (Holtzapple
and Humphrey, 1984; Pan et al., 2006), the organic acid-catalyzed process that
combines chemical and solvent fractionation (vom Stein et al., 2011), and the
phosphoric acid treatment (COSLIF) (Zhang et al., 2007). The ionic liquid
pretreatment is a further solvent fractionation method and is described in detail
in section 1.4.
1.4 Ionic liquid-assisted enzymatic cellulose
hydrolysis
Ionic liquids (IL) are solvents that consist entirely of ions and have a melting
point below 100 ◦C (Wasserscheid and Keim, 2000). The number of available
anions and cations lead to a very large number of potential ionic liquids. Ionic
liquids can have diﬀerent properties with respect to viscosity, polarity, and hy-
drophobicity. Therefore, they have diﬀerent solvation characteristics. Due to
their high variability ionic liquids can be designed and tuned for each particular
application (Huddleston et al., 2001; Brennecke and Maginn, 2001; Wasserscheid,
2003; Weingartner, 2008). Despite the numerous possible applications as solvents,
in catalysis, electrochemistry or as lubricants, the ionic liquids are still very expen-
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sive, rendering a solvent recycling essential and limiting their current industrial
use (Joglekar et al., 2007).
One important application of ionic liquids is lignocellulose pretreatment as some
ionic liquids eﬀectively dissolve cellulose, which was discovered by Swatloski
et al. (2002). Subsequently, a number of ionic liquids have been identiﬁed to
dissolve cellulose and wood. The dissolution process has been intensively studied,
showing that ionic liquids cause a swelling and thereby break the highly organized
lignocellulose structure, forming a homogeneous solution (Viell and Marquardt,
2011; Wu et al., 2004; Xie and Shi, 2006; Fukaya et al., 2008; Zhao et al., 2008;
Zavrel et al., 2009; Pinkert et al., 2009, 2010). The structures, names, and
abbreviations of cellulose- and wood-dissolving ionic liquids, which were used in
this work, are shown in Fig. 1.1. Particularly practical for cellulose pretreatment
are the ionic liquids EMIM Ac and MMIM DMP, because they have a melting
point below −20 ◦C and thus are liquid with a relatively low viscosity at room
temperature. Consequently, they can be easily handed under standard laboratory
conditions.
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Figure 1.1: Ionic liquids dissolving lignocellulose used in this work.
Following lignocellulose dissolution, cellulose can be precipitated, i.e. regenerated,
by the addition of water or short chain alcohols (Mazza et al., 2009). Furthermore,
it is possible to selectively precipitate and separate lignin, hemicellulose, and
cellulose fractions (Sun et al., 2009; Tan et al., 2009). Upon regeneration, the
cellulose has a fully amorphous structure with large pores. Thereby, the individual
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cellulose chains are much more accessible to enzymatic degradation (Lee et al.,
2009; Li et al., 2010; Singh et al., 2009).
The improved enzymatic cellulose hydrolysis, due to the higher available surface
area of the cellulose polymer after ionic liquid pretreatment, is illustrated in Fig. 1.2.
The reaction rates and yields are increased for ionic liquid-regenerated cellulose,
thereby signiﬁcantly shortening the reaction times and reducing necessary cellulase
loadings (Dadi et al., 2006, 2007; Zhao et al., 2009). Unfortunately, residual ionic
liquid from the pretreatment signiﬁcantly reduces the cellulase activity (Datta et
al., 2010; Costa Sousa et al., 2009). At higher ionic liquid concentration, at which
cellulose is dissolved, no cellulase activity by T. reesei cellulases was measured
and the enzymes denatured (Turner et al., 2003).
Figure 1.2: Comparing native and regenerated cellulose hydrolysis (Moniruzzaman et
al., 2010).
1.5 Objectives
This work on the enzymatic hydrolysis of ionic liquid pretreated cellulose was
performed as part of the Excellence Cluster “Tailor Made Fuels from Biomass”
(TMFB). TMFB is concerned with holistic research into new biofuels, ranging
from biomass processing all the way to the combustion properties of new fuels
in the engine. The central idea within the cluster is that the high functionality
present in biomass is conserved by a selective depolymerization to glucose without
the formation of other chemically diﬀerent products. This allows new processes
with high carbon eﬃciency and low entropic losses compared to conventional
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thermochemical processes in which biomass is broken into C1 building blocks and
reassembled afterwards. This approach requires highly selective catalysts and
moderate conditions which biotechnology can oﬀer (Marquardtet al., 2010).
(Ligno?)
Cellulose
Glucose
Enzymatic?hydrolysis
in?ionic?liquid
Quantitative?description
of?homo? and?heterogeneous
depolymerisation
+?H20
Figure 1.3: Ionic liquid assisted enzymatic cellulose hydrolysis: Homogeneous and
heterogeneous conversion.
As presented in Fig. 1.3 the objectives of his work is to investigate the prospects,
constrains and interactions of the ionic liquid-assisted enzymatic cellulose hydrol-
ysis. The enzymatic reaction system is quantitatively explored to understand
and improve the selective conversion of cellulose. Generally, the reaction systems
analyzed, can be divided in a heterogeneous (lower arrows in Fig. 1.3) and a
homogeneous reaction system (upper arrow in Fig. 1.3). In the heterogeneous
reaction system, cellulose is undissolved in aqueous environment (see chapter 1.2)
and cellulases have to bind to the cellulose surface. The advantages of ionic liquid
pretreatment for heterogeneous enzymatic cellulose were addressed in chapter 1.4.
However, many details limiting the cellulase performance are still unknown. There-
fore, it is investigated in detail how cellulases interact with low amounts of ionic
liquid, which factors inﬂuence the heterogeneous cellulose hydrolysis, and how the
mixture of cellulases can be optimized for this particular reaction system.
In the homogeneous reaction system the substrate is fully dissolved and therefore,
no binding of cellulases prior to hydrolysis is necessary. This reaction system is
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very attractive because no limiting available surface area can impair the activity
of cellulases. However, to keep cellulose in solution, ionic liquid concentrations
must be very high above 80% (v/v), and no cellulase activity was measured in this
solvent until now. Therefore, the general feasibility of this reaction system was
shown with a new extremophilic endoglucanase and the potential was illustrated
based on simulation studies.
The heterogeneous cellulose hydrolysis, including ionic liquid pretreatment, is
represented by the lower light arrows in Fig. 1.3 and investigated in chapter 2
and 3. In chapter 2 the interactions of cellulose structure, ionic liquid and the
cellulases mixture are studied and the hydrolysis of regenerated cellulose in the
presence of residual ionic liquid is evaluated. Furthermore, in a cooperation with
the group of Ferdi Schüth from the MPI für Kohlenforschung in Mülheim it is
illustrated how a new combination of chemical and enzymatic cellulose hydrolysis
can even further improve the eﬃciency of the overall hydrolysis. In chapter 3
the cellulase mixture for the hydrolysis of regenerated cellulose in the presence of
residual ionic liquid is optimized using a semi-empirical cellulase model.
In addition to heterogeneous cellulose hydrolysis, homogeneous hydrolysis of
dissolved cellulose is addressed, as represented by the upper arrow in Fig. 1.3,
in chapter 4 and 5. In chapter 4 a new extremophile endo-β-glucanase from
the archaeon S. solfataricus, provided by the cooperation partners of Molecular
Biotechnology RWTH Aachen University and Dr. Raphaelle Cannio (Institute of
Protein Biochemistry, Naples, Italy), is characterized ﬁrst in an aqueous reference
system and then with dissolved cellulose in > 80% (v/v) ionic liquid. Since this
was the ﬁrst study quantitatively measuring the cellulase activity in dissolved
cellulose at such ionic liquid concentrations, two new complementary measurement
techniques are developed, validated and applied for the activity measurements.
In chapter 5 the homogeneous cellulose hydrolysis is modeled based on the
mechanistic elementary reactions and considering the full chain length distribution
of the cellulose polymer by using population balance modeling. The population
balance modeling was ﬁrst applied for solid acid chemical cellulose hydrolysis
(data provided by the MPI in Mühlheim) in ionic liquid. A parameter estimation
illustrated the applicability of the modeling approach. Then, cellulase models
for homogeneous cellulose hydrolysis were developed and simulation studies were
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performed to understand the eﬀects of cellulase mixtures and inhibition in a
homogeneous cellulase system.
Finally, a new method to measure cellulose molar mass distributions by gel
permeation chromatography (GPC) is presented in chapter 6. The new method
reduces work intensive sample preparation, which is the main challenge of current
GPC methods for cellulose analysis. After validation of the new technique, the
applicability was illustrated by following molar mass distribution measurements
during enzymatic hydrolysis of untreated and regenerated cellulose. This new
method is a fundamental aspect for future studies to fully understand the enzymatic
cellulose hydrolysis and to further improve the mechanistic modeling approach
using population balance modeling.
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2 Heterogeneous enzymatic
cellulose hydrolysis
2.1 Status quo of ionic liquid regenerated
cellulose hydrolysis
The heterogeneous enzymatic hydrolysis of undissolved cellulose is predominantly
limited by the cellulose surface area available for enzymatic degradation (Arantes
and Saddler, 2011; Rollin et al., 2011). Following ionic liquid pretreatment, as
described in chapter 1.4, regenerated cellulose has much larger pores and strongly
reduced crystallinity, thereby making it more accessible to enzymatic degradation
with higher yields and shorter reaction times (Li et al., 2009; Dadi et al., 2006;
Singh et al., 2009; Zhao et al., 2009).
With regard to enzymatic hydrolysis of regenerated cellulose in potential industrial
processes one must take into account that there will be residual ionic liquid present
(10–15% (v/v)) in the reaction media, since it would entail considerable eﬀorts
and large amounts of water to remove this ionic liquid. Therefore, it was proposed
to leave this residual ionic liquid in the reaction medium and recover and recycle
the ionic liquid at a later stage in the process (Datta et al., 2010; Costa Sousa et
al., 2009).
Since cellulases are generally impaired by the presence of ionic liquid, however,
it is essential to raise their tolerance to ionic liquid residues (Zhao et al., 2009).
Attempts to ﬁnd improved cellulase tolerance to ionic liquid include metagenome
screening, screening of extremophile enzymes, or directed evolution (Adsul et
al., 2009; Pottkämper et al., 2009; Datta et al., 2010). In these studies cellulase
activity dropped quickly with increasing ionic liquid concentration, whereby there
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is no enzyme activity at ionic liquid concentrations of above 30–50% (v/v). Unfor-
tunately, it is impossible to draw general conclusions about this drop in cellulase
activity based on the published results, since there is a large variation in the cho-
sen substrates, cellulase sources, and applied hydrolysis conditions. Therefore, a
comparative study was performed which employed commonly accessible cellulases
and carefully selected substrates which allow meaningful conclusions on the eﬀect
of ionic liquid on cellulase activity.
?
ionic
strength activity
cristallinity
Cellulose
Ionic Liquid Cellulase
viscosity stability
porosity
Figure 2.1: Cellulose - ionic liquid - cellulase interaction and inﬂuencing factors.
It was investigated how the ionic liquid aﬀects the cellulase activity and sugar
yield by precisely studying the interaction of cellulose, ionic liquid, and cellulase
(Fig. 2.1). The inﬂuence of four ionic liquids on the enzymatic hydrolysis of two
soluble and one insoluble cellulose substrate using four diﬀerent Celluclast lots
were analyzed. To dissect the factors impacting the cellulases, the inﬂuence
both of ionic liquid and of the corresponding viscosity as well es changes of the
ionic strength on the cellulase activity were analyzed. Additionally, cellulase
stability was investigated both during operation and during storage under process
conditions. The results were then transferred to hydrolysis of cellulose regenerated
from ionic liquid to evaluate up to which ionic liquid concentration the increased
reaction rate counterbalances the loss of cellulase activity. Finally, to further
reduce reaction times, a new chemo-enzymatic approach was developed, combining
the enzymatic hydrolysis of regenerated cellulose with a prior partial solid acid
hydrolysis in ionic liquid.
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2.2 Material and methods
Materials
Ionic liquids were purchased from the following manufacturers: Merck (Darm-
stadt, Germany), IoLiTec (Denzlingen, Germany) and BASF (Ludwigshafen,
Germany) as speciﬁed in table 2.1. Before use, the ionic liquids were tested for
water concentration by volumetric Karl Fischer Titration (Schott Titroline alpha,
Mainz, Germany), whereby the mean water concentration was 0.3% (w/w). The
water activity of the ionic liquids was always below 0.015, as measured with the
LabMaster-aw (Novasina Instrument, Laachen, Switzerland). The ionic liquids
were employed without further pretreatment. All tested ionic liquids are known
to dissolve cellulose and wood (Zavrel et al., 2009).
Table 2.1: Ionic liquids used in this chapter.
Ionic liquid Abbreviation Manufacturer
1,3-Dimethylimidazolium dimethylphosphate MMIM DMP Merck and IoLiTec
1-Allyl-3-methylimidazolium chloride AMIM Cl Merck
1-Butyl-3-methylimidazolium chloride BMIM Cl Merck
1-Ethyl-3-methylimidazolium acetate EMIM Ac BASF and IoLiTec
The cellulose substrates α-cellulose, carboxymethylcellulose (CMC) and, p-
nitrophenyl-β-cellobioside (pNP-cellobioside) (Sigma, Hamburg, Germany) were
tested. The used α-cellulose had a crystallinity index of CrI = 64% (Jäger et
al., 2010). α-Cellulose was gently dried at 45 ◦C over night, thereby reducing the
water concentration from 3.3 to 2.1% (w/w) and the water activity from 0.316 to
0.106.
The commercial cellulase preparation Celluclast 1.5 L ATCC26621 from
Novozyme (Denmark) had an cellulase activity of 700 EGU/g and a pH optimum
of 4.8 according to manufacturer speciﬁcations. The speciﬁc oﬀ-the-shelf ﬁlter
paper assay activity for the Celluclast was 182U/g (Jäger et al., 2011). The
Celluclast preparation is the ﬁltrated culture supernatant of T. reesei containing
exo- (cellobiohydrolyase I and II) and endo-β-glucanase (endo-β-glucanase I and
II) as well as β-glucosidase.
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Cellulase treatment
The oﬀ-the-shelf Celluclast has a high salt concentration and residual proteins
from the media and therefore may lead to systematic errors in protein concentration
measurement. Therefore, the Celluclast preparation was desalted with a HiPrep
26/10 desalting column (GE Healthcare, Stockholm, Sweden) using an ÄKTA
FPLC system (GE Healthcare, Stockholm, Sweden). The culture supernatant
was substituted by 0.1M sodium acetate (pH 4.8) as used for the hydrolysis
experiments.
The protein concentration of the cellulase mixture as well as of individual cellulases
was determined with the Pierce BCA Protein Assay Kit (Thermo Scientiﬁc,
Waltham, MA, USA) according to the manufacturers’ protocol. Calibration was
performed with bovine serum albumin (BSA) (Thermo Scientiﬁc, Waltham, MA,
USA).
Measurements of cellulase activity and progress curves
All reactions were performed with 10 g/L cellulose, incubated in 1mL 0.1M sodium
acetate buﬀer at pH 4.8 with 1.18 g/L cellulases, unless otherwise speciﬁed, in 2mL
Eppendorf test tubes. The mixture was incubated at 45 ◦C based on information
provided by the manufacturer that showed a rapid loss of cellulase stability for
temperatures above 50 ◦C. The suspension was incubated shaking at 1000 rpm,
3mm shaking diameter, on a thermo mixer MHR23 (HLC Biotech, Bovenden,
Germany) for 30min, unless otherwise speciﬁed. Blanks with buﬀer/cellulase and
buﬀer/substrate were always incubated in parallel to the samples and treated
in the same manner. Additionally, a sample with buﬀer/substrate/cellulase was
inactivated immediately at time point zero. The cellulose employed for the
cellulase activity measurements was α-cellulose unless otherwise speciﬁed. After
incubation the mixture was inactivated at 100 ◦C for 10min.
To prepare a substrate solution with pNP-β-cellobioside, a stock solution of 100 g/L
was prepared with 40% (v/v) isopropanol in buﬀer (0.1M sodium acetate, pH 4.8).
For the experiments, the stock solution was diluted to 4 g/L pNP-β-cellobioside
with buﬀer or with the buﬀer/IL mixture. The incubation was performed in
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microplates with 200μL substrate solution. In these experiments 1.1 g/L cellulase
were applied at 45 ◦C for 30min in a Synergy 4 microplate reader (Biotek, Winooski,
VT, USA). Absorbance due to release of pNP were measured at 380 nm in 1 min
intervals. The cellulase activity was calculated from the linear slope of the
conversion curves.
For measurements of cellulose hydrolysis in presence of ionic liquids, a speciﬁed
amount of ionic liquid was added to the buﬀer. It is important to note that
at the investigated ionic liquid concentrations, the ionic liquid concentration
was always too low to cause any cellulose dissolution by the ionic liquid during
enzymatic hydrolysis (Mazza et al., 2009). To avoid eﬀects on the cellulases
due to pH changes in the buﬀer/IL mixture, the pH-value was adjusted to 4.8
with 1M H2SO4 before addition of cellulose and cellulases. To ensure that the
sugar concentration measured after enzymatic hydrolysis was not distorted due
to hydrolysis of cellulose by the ionic liquid, cellulose was incubated in buﬀer
with the respective ionic liquid concentration without cellulase in parallel to the
hydrolysis experiments. The viscosity of the buﬀer/IL mixture was measured with
a MCR 301 rheometer (Anton Paar, Graz, Austria).
The formation of soluble sugars was measured with the dinitrosalicylic acid (DNS)
reducing sugar assay (Ghose, 1987; Miller, 1959). Absorbance measurements at
540 nm were performed in a microplate reader Synergy 4 (Biotek, Winooski, VT,
USA). Product concentrations were calculated from a calibration with glucose.
Cellulose dissolution and regeneration
For experiments regarding regenerated cellulose, 100mg α-cellulose was dissolved
in 1mL MMIM DMP at 100 ◦C until a clear solution was formed (1 h). Afterwards,
7mL buﬀer (0.1M sodium acetate, pH 4.8) was added to precipitate the dissolved
cellulose out of solution while vigorously agitating. Buﬀer or ionic liquid was
added to reach the desired concentration of residual ionic liquid for enzymatic
hydrolysis and a cellulose concentration of 10 g/L. The pH-value was adjusted to
4.8 with small amounts of 1M H2SO4.
Regarding the experiments with regenerated cellulose in absence of any residual
ionic liquid, regenerated cellulose was washed excessively after precipitation with
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at least 100-fold buﬀer volume (0.1M sodium acetate, pH 4.8). Regenerated
cellulose was stored wet until use. A fraction of the washed gel-like precipitate was
dried at 104 ◦C for 48 h, and the dry weight of precipitated cellulose was found to
be 6% (w/w). Based on the dry weight, the wet regenerated cellulose was weighed
such that 10 g/L solid cellulose was present for the hydrolysis experiments, in
which the glucose yield was monitored by means of the reducing sugar assay.
Integrated approach with chemical and enzymatic cellulose hydrolysis
For the integrated chemical and enzymatic hydrolysis, the chemical hydrolysis
was performed by the cooperation partner MPI für Kohlenforschung in a solution
of cellulose in BMIM Cl depolymerized at 100 ◦C using Amberlyst 15DRY as
described elsewhere (Rinaldi et al., 2008, 2010). The chemical hydrolysis was
performed only for short times below 1 h to ensure that no side products, e.g.
HMF and furfural, were formed. After such short reaction times no sugars were
formed and all cellooligomers were still insoluble in water. The cellooligomers
were regenerated by addition of water and washed thoroughly with water (Rinaldi
et al., 2008, 2010).
The enzymatic reaction was performed using a 10% (w/w) suspension of cellulose
or cellooligomers in 0.1mol/L sodium acetate buﬀer (100mL, pH 4.8) using 0.5mL
Celluclast at 45 ◦C. The formation of glucose and cellobiose was followed by
HPLC, measured at the MPI für Kohlenforschung, as previously reported (Rinaldi
et al., 2008, 2010).
2.3 Results and discussion
2.3.1 How ionic liquids aﬀect the enzymatic hydrolysis of
untreated and regenerated cellulose
Inﬂuence of ionic liquid, cellulases and substrate
It is challenging to understand the exact eﬀect of ionic liquid from the lignocellulose
pretreatment on the cellulase activity, because of the variability of the reaction
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system components such as substrate, cellulase preparation, and solvent. To
dissect the key parameters inﬂuencing cellulase activity, type, and manufacturer
of the ionic liquid, lot-to-lot-variability of the cellulase preparation, and type
of substrate were all varied, respectively, while the other parameters were kept
constant.
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Figure 2.2: Eﬀect of diﬀerent types and manufacturers of ionic liquids (10% (v/v)) on
the relative cellulase activity. The relative cellulase activity was calculated
based on soluble sugars formed from 10 g/L α-cellulose at 45 ◦C using
8.8 g/L desalted cellulase after 30min. The error bars reﬂect the standard
deviation of triplicate experiments.
Thus, cellulase activity was compared with respect to diﬀerent ionic liquids
(Tab. 2.1). The cellulase activity of one Celluclast lot was measured for α-cellulose
using various ionic liquids at 10% (v/v); Fig. 2.2 illustrates the relative cellulase
activity, deﬁned as sugars released after 30min incubation relative to sugars
formed in buﬀer, as a function of the ionic liquid used.
For all tested ionic liquids the cellulase activity dropped to 15–30% of the respective
activity in buﬀer. Using MMIM DMP the cellulases retained the highest relative
cellulase activity of nearly 30%. The cellulase activity in the presence of AMIM Cl
was comparable to that with MMIM DMP. The least cellulase friendly ionic liquids
were BMIM Cl and EMIM Ac which both showed almost the same cellulase activity
within the experimental error of less than of 10%. These results show that all the
four tested ionic liquids, even at a very low concentration of 10% (v/v), had an
enormous impact on cellulase activity – decreasing it up to 85%.
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Not only was diﬀerent relative cellulase activity obtained for diﬀerent ionic liquids
but also with the same type of ionic liquid from diﬀerent manufacturers. In case
of MMIM DMP, there were signiﬁcant diﬀerences in relative cellulase activity
depending on the manufacturer, whereas for EMIM Ac the variation remained
within the experimental error (Fig. 2.2). Even though the diﬀerent tested ionic
liquids had the same purity grade according to manufacturer speciﬁcation, inherent
production impurities of ionic liquids may aﬀect the cellulase activity. The role
of ionic liquid impurities for biocatalysis has been comprehensively discussed
in previous studies (Rantwijk and Sheldon, 2007; Scammels et al.., 2005). In
particular, chloride and acid impurities have been shown to negatively inﬂuence
lipase activity (Lee et al., 2006; Park et al., 2003). Recent studies have investigated
the acidolysis of wood in ionic liquids (Li et al., 2010b). Therefore, acid impurities
in the ionic liquid could potentially also inﬂuence cellulose hydrolysis. This eﬀect
could be excluded for the results in Fig. 2.2 as incubation of cellulose in buﬀer
with the respective ionic liquid concentration without cellulase did not result in
any sugar formation.
To further study the impact of ionic liquid on the enzymatic activity, four
Celluclast lots were compared, using 10% (v/v) of one ionic liquid (table 2.2).
For these experiments MMIM DMP was selected, because with this ionic liquid
the highest relative cellulase activity was observed in the previous experiments.
Table 2.2: Comparison of various Celluclast lots in buﬀer and in 10% (v/v)
MMIM DMPa.
Speciﬁc Celluclast activity Rel. act. 10% (v/v) MMIM DMP
Celluclast lot oﬀ-the-shelf desalted oﬀ-the-shelf desalted
[U/mg] [U/mg] [-] [-]
128K1301 0.064 - 0.24 -
058K1200 0.076 0.091 0.17 0.26
074K156 0.082 0.100 0.21 0.17
077K1156 0.071 - 0.22 -
aSubstrate concentration: 10 g/L α-cellulose; T = 45 ◦C
The speciﬁc cellulase activities of the various oﬀ-the-shelf Celluclast lots in buﬀer
deviated by 12%, whereas the typical experimental error of the individual speciﬁc
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cellulase activity measurement amounted to 5%. The speciﬁc cellulase activity
of the desalted Celluclast was higher than that of untreated ones. This higher
cellulase activity of the desalted Celluclase lots is attributed to fewer protein
impurities being present. Therefore, desalted lots showed consistent catalytic
activity. The results indicate that the commercial Celluclast preparation is
reproducibly standardized for the typical assay conditions using naturally semi-
amorphous α-cellulose in buﬀer. A further puriﬁcation to individual cellulases,
which would require a series of puriﬁcation steps, was not deemed necessary since
this better represents the technical cellulase mixture (Jäger et al., 2010; Ellouz
et al., 1987; Gamma et al., 1998; Henrissat et al., 1985; Shoemaker et al., 1983).
In the presence of 10% (v/v) MMIM DMP the relative cellulase activity of the
four tested Celluclast lots deviated by up to 20% from the average (table 2.2).
This relatively large deviation suggests that it would be best to just use one
Celluclast lot to speciﬁcally analyze the actual eﬀect that the ionic liquid exerts
on the cellulase activity.
After the ionic liquids and the Celluclast lots were varied subsequently, the
substrates were varied next. Here, a total of three conventional cellulose substrates
were used: p-nitrophenyl-β-cellobioside (pNP-cellobioside), carboxymethylcellu-
lose (CMC), and, ﬁnally, α-cellulose. The ﬁrst two substrates are soluble in buﬀer,
whereas α-cellulose is not. This insoluble α-cellulose was selected, because its
crystallinity and porosity are close to cellulose in wooden biomass (Zhang and
Lynd, 2004). Here, the respective eﬀects of increasing concentrations of one ionic
liquid (MMIM DMP up to 50% (v/v)) were analyzed with respect to the three
diﬀerent substrates. Please note that increasing concentration of MMIM DMP up
to 50% (v/v) did not cause any dissolution or structural changes in α-cellulose.
Hence, any changes in the relative cellulase activity have to be caused exclusively
by the ionic liquid (Fig. 2.3).
As Fig. 2.3 illustrates, an increase in the concentration of the ionic liquid
MMIM DMP caused a reduced cellulase activity on all tested substrates. At an
MMIM DMP concentration of 30% (v/v), the relative cellulase activity approached
zero for insoluble α-cellulose. Analogously, at an MMIM DMP concentration of
50% (v/v) the relative cellulase activity also dropped to zero for both soluble
substrates. The soluble substrates exhibited nearly the same relative cellulase
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Figure 2.3: Eﬀect of increasing MMIM DMP concentration and diﬀerent substrates on
the relative cellulase activity in relation to the cellulase activity in buﬀer.
Cellulase activity calculated based on soluble sugars formed by using 1.2 g/L
desalted cellulase at 45 ◦C and 10 g/L α-cellulose after 30min, 10 g/L CMC
after 10min, and 4 g/L pNP-cellobioside after 5 min, respectively.
activity decrease with increasing ionic liquid concentration. The results in Fig. 2.3
concur with other studies that used cellulases from metagenome screening and
CMC as substrate (Pottkämper et al., 2009). Additionally, similar trends of
relative cellulase activity as a function of BMIM Cl concentration were shown with
cellulases from P. janithellum on both soluble and insoluble substrates (Adsul
et al., 2009). Recent results for cellulases from extremophile organisms retained
nearly 90% relative cellulase activity in 20-50% (v/v) ionic liquid (Datta et al.,
2010).
Fig. 2.3 also shows that for soluble substrates the relative cellulase activity at
a MMIM DMP concentration of 10 and 20% (v/v) amounted up to be 40%
higher than that for insoluble α-cellulose. A possible reason for the diﬀerence
between soluble and insoluble substrate could be the variable assay duration of
5 to 30 min, which could reduce cellulase stability in the ionic liquid. However,
this assumption is disproved by the cellulase stability investigations as seen and
discussed later in Fig. 2.5 and 2.6. Most likely, the ionic liquid inﬂuences the
individual enzymes in the cellulase preparation to a diﬀerent extent. Soluble
and insoluble substrates require diﬀerent mixtures of endo- and exo- cellulase
activities (Walker and Wilson, 1991; Väljamäe et al., 1998; Nidetzky et al., 1994;
Väljamäe et al., 2003). In particular, endo-β-glucanase activity is prominent in the
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hydrolysis of soluble substrates. Therefore, the choice of the soluble or insoluble
substrate leads to diﬀerent eﬀects of the ionic liquid on the relative cellulase
activity. Consequently, even though soluble substrates are commonly used in
the laboratory because of their easy handling, they do not reﬂect the realistic
situation in industrial applications that always deal with insoluble substrates.
Thus, since an apt cellulosic substrate should mimic the cellulose present in native
lignocellulose, α-cellulose is the best substrate to use in laboratory experiments.
Physicochemical parameters, cellulase activity and stability
After it was established that the catalytic activity decreases depending on the
type of ionic liquid and substrate, the following experiments aimed to explain
how the chosen ionic liquid MMIM DMP actually decreases the cellulase activity.
Therefore, the parameters pH, viscosity, and ionic strength of the reaction medium
were measured as a function of increasing MMIM DMP concentration (Tab. 2.3).
Table 2.3: Physiochemical parameters of reaction mixture relative to increasing
MMIM DMP concentrations.
MMIM DMP pH (not adjusted) Viscosity (45 ◦C) Ionic strength
[v/v] [-] [mPa s] [M]
0.0 4.8 0.7 0.1
0.1 5.0 1.1 0.7
0.2 5.2 1.5 1.2
0.3 5.5 1.9 1.8
0.4 6.0 2.7 2.5
0.5 6.5 3.0 3.0
In particular, the pH-value increased drastically with increasing MMIM DMP
concentration. With 50% (v/v) MMIM DMP the pH-value was already more
than 1.5 pH units above the cellulase optimum pH of 4.8. Thus, all cellulase
activity measurements in this study were performed with pH-values adjusted to
4.8. Viscosity and ionic strength increase approximately linearly with ionic liquid
concentration. At 50% (v/v) MMIM DMP the viscosity of the reaction solution
amounted to 4-fold the buﬀer viscosity; here, the ionic strength increased even
30-fold compared to the buﬀer’s ionic strength. To speciﬁcally investigate the eﬀect
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of viscosity and ionic strength independent of an ionic liquid, these parameters
were mimiced by addition of PEG 2000 and NaCl, respectively (Fig. 2.4).
0.0 0.1 0.2 0.3 0.4 0.5
0.0
0.2
0.4
0.6
0.8
1.0
re
la
ti
ve
 e
n
zy
m
e 
ac
ti
vi
ty
 [
-]
MMIM DMP concentration [v/v]
 ionic strength adjusted with NaCl
 viscosity adjusted with PEG
 viscosity and ionic strength adjusted
 increasing MMIM DMP conc.
 decreasing MMIM DMP conc.
1.0 1.5 2.0 2.5 3.0
viscosity [mPa*s]
0.5 1.0 1.5 2.0 2.5 3.0
ionic strength [mol/L]
Figure 2.4: Analysis of physicochemical parameters of MMIM DMP inﬂuencing the
relative cellulase activity. The cellulase activities were calculated based
on soluble sugars formed from 10 g/L α-cellulose at 45 ◦C using 1.8 g/L
desalted cellulase after 30 min. Viscosity and ionic strength were adjusted to
the values corresponding to the MMIM DMP volume fraction. To produce
decreasing MMIM DMP concentration, the cellulases were incubated with
30% (v/v) MMIM DMP for 30 min and diluted back to the respective
concentration of MMIM DMP.
As illustrated in Fig. 2.4, at viscosity and ionic strength values corresponding
to 30% (v/v) MMIM DMP, relative cellulase activity dropped by 60% and 40%,
respectively. However, this decrease in relative cellulase activity was moderate
compared to the decrease in relative cellulase activity in presence of ionic liquid,
where almost no cellulase activity was detected at 30% (v/v) MMIM DMP. At
higher viscosity, the relative cellulase activity decreased continuously and at
a viscosity of 3mPa s, corresponding to 50% (v/v) MMIM DMP, the relative
cellulase activity was less than 10%. The linear decrease in relative cellulase
activity with increasing viscosity suggested considerable advantages in applying
low viscosity ionic liquids. A reduced mass transfer rate due to the higher viscosity
has been previously described for biocatalysis with α-chymotrypsin in the two
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ionic liquids EMIM Tf2N and MTOA Tf2N (Yang and Pan, 2005; Lozano et al.,
2001).
Similar to viscosity, the relative cellulase activity decreased with increasing ionic
strength. This decrease, however, was less pronounced than for viscosity; even at
an ionic strength of 3 M, corresponding to 50% (v/v) MMIM DMP, the relative
cellulase activity was 50%. The combined increase in viscosity and ionic strength
resulted in a stronger decrease of catalytic activity due to the additive eﬀects. With
ionic strength and viscosity values corresponding to 40–50% (v/v) MMIM DMP,
almost no cellulase activity was measured. In contrast to the drop caused by
the ionic liquid, the combined change of viscosity and ionic strength was not as
prominent. A possible explanation for the stronger decrease due to the ionic
liquid could be the solvent polarity as structural unfolding and deactivation due
to solvent polarity has been reported for lipases (CalB) in diﬀerent ionic liquids
(Lau et al., 2004). Consequently, even though the parameters of viscosity and
ionic strength are important in inﬂuencing enzymatic activity, other molecular
eﬀects of the ionic liquid also play a signiﬁcant role for cellulase activity.
Another question to address is if the decrease in relative cellulase activity as a
function of ionic liquid concentration is reversible or irreversible. Therefore, the
Celluclast mixture was incubated with 30% (v/v) MMIM DMP for 30 min and
diluted to 10–20% (v/v) MMIM DMP before the cellulase activity measurement.
Fig. 2.4 shows that the catalytic activity was regained when the ionic liquid was
diluted with buﬀer. Therefore, the cellulases in the Celluclast mixture were not
irreversibly inactivated by MMIM DMP. To further conﬁrm this, the cellulases’
operational stability was analyzed using the Selwyn test for cellulase inactivation
(Selwyn, 1965). According to Selwyn, product formation measured at diﬀerent
cellulase concentrations is plotted versus time multiplied by cellulase concentration
(Fig. 2.5).
Here, the reaction progress curves for three diﬀerent cellulase concentrations at
varying ionic liquid concentration of up to 20% (v/v) MMIM DMP coincided,
indicating that no cellulase inactivation is caused by MMIM DMP in a concentra-
tion up to 20% (v/v). This ﬁnding was conﬁrmed for the other ionic liquids listed
in Tab. 2.1, by testing storage stability under process conditions (45 ◦C, pH 4.8
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Figure 2.5: Selwyn test for cellulase inactivation by MMIM DMP. Soluble sugars
formed from 10 g/L α-cellulose using desalted cellulase were measured at
45 ◦C. The symbols represent varying cellulase concentrations (squares:
2.2 g/L; circle: 4.4 g/L; triangle: 6.6 g/L). The lines indicate regression
curves for the diﬀerent volume fractions of ionic liquid.
at a protein concentration of 1.8 g/L) with 10% (v/v) ionic liquid for 11 days as
depicted in Fig. 2.6.
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Figure 2.6: Cellulase storage stability under process conditions (45 ◦C) with 10% (v/v)
ionic liquid over 11 days. Buﬀer or buﬀer/IL mixtures was incubated with
1.8 g/L desalted cellulase at 45 ◦C over various number of days and cellulase
activity monitored by measuring formation of soluble sugars at 45 ◦C from
10 g/L α-cellulose after 30min in buﬀer or 10%(v/v) of the respective ionic
liquid.
In buﬀer, no signiﬁcant cellulase inactivation was detected over the entire time
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period. In presence of 10% (v/v) ionic liquid, cellulase activity dropped to 10–40%
of the cellulase activity at time zero in 10% (v/v) ionic liquid within the ﬁrst
day and remained at this level for at least 10 days. The observed behavior for
the diﬀerent ionic liquids relative to each other is in good agreement with the
trends observed in Fig. 2.2. The decrease in catalytic activity within the ﬁrst
day seems to be attributed to an adaptation of the cellulases to the new ionic
liquid environment. The results are in good agreement with previous results for
cellulase mutants from P. janthinellum, which showed good stability for ﬁve days
in BMIM Cl (Adsul et al., 2009).
Interestingly, the change in enzymatic activity within the ﬁrst day is not visible
in the Selwyn assay (Fig. 2.5). The Selwyn test reliably indicates time-dependent
deactivation processes, but not instantaneous ones. Instantaneous deactivation of
cellulases has been shown previously for alcohol dehydrogenases in the presence
of several immiscible organic solvents (Villela Filho et al., 2003). The observed
cellulase stability in mixtures with imidazolium-based ionic liquids was also
observed for alcohol dehydrogenases in electrochemical synthesis (Kohlmann et al.,
2010). Hence, in future, only a few experiments will be needed to select suitable
ionic liquids for cellulose pretreatment and hydrolysis. These experiments should
involve relative cellulase activity measurements at a few ionic liquid concentrations
and include veriﬁcation of cellulase stability.
Based on the aforementioned detailed analysis it is now possible to highlight
several important factors that determine the eﬀect of ionic liquid on enzymatic
cellulose hydrolysis. The reduced cellulase activity is linked to increased viscosity
and increased ionic strength of the reaction medium. Moreover, molecular eﬀects of
the ionic liquid inhibit the cellulases but do not irreversibly inactivate them. The
implications for hydrolysis of cellulose regenerated from an ionic liquid solution
and therefore, of cellulose with altered structure are handled in the next section.
2.3.2 Hydrolysis of regenerated cellulose in the presence of
ionic liquids
When characterizing the eﬀect of residual ionic liquid on the hydrolysis of regen-
erated cellulose, two opposing factors mask the eﬀect that the ionic liquid has on
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the catalytic activity and cannot be easily diﬀerentiated from one another. On
the one hand, the reaction rate is signiﬁcantly bolstered due to increased porosity
and reduced crystallinity of the substrate. On the other hand, the hydrolysis
rate is reduced due to the ionic liquid. With the aforementioned ﬁndings for
untreated cellulose, the actual inﬂuence of the ionic liquid could be isolated while
neglecting structural changes of α-cellulose precipitated out of the ionic liquid.
As the reaction rates for untreated and regenerated α-cellulose were determined
at diﬀerent MMIM DMP concentrations, the initial reaction rates and the relative
changes in cellulase activity are summarized in Fig. 2.7.
As depicted by the bars in Fig. 2.7, initial reaction rate for regenerated α-cellulose
increased up to 20-fold compared to that of untreated α-cellulose. Even in
30% (v/v) residual ionic liquid, the initial reaction rate for regenerated α-cellulose
was higher than for untreated α-cellulose without any ionic liquid. However,
decrease in relative cellulase activity with increasing MMIM DMP concentration
for the two substrates seemed to be very similar. Therefore, the ionic liquid
indeed inﬂuences the hydrolysis catalyzed by cellulases regardless of the cellulose
structure. This conﬁrms the previously established suitability of α-cellulose as
the best test substrate to analyze the eﬀect of ionic liquid on the cellulase activity.
Nevertheless, by observing product yields after 48 h, decreased sugar yields are
observed with increasing concentrations of MMIM DMP (Fig. 2.8).
As seen in Fig. 2.8, the conversion curves illustrate that the initial reaction rates
are indeed much higher for regenerated α-cellulose. After 48 h the yields did
not increase signiﬁcantly further for both untreated and regenerated cellulose.
Without ionic liquid, similar maximum yields of approximately 80% were reached,
but unexpectedly, with residual ionic liquid present the maximum sugar yield was
only between 40% and 70%. In previous studies, the ionic liquid was removed
before enzymatic hydrolysis; similar yields of 80–90% were hereby reached within
24 h (Balensiefer et al., 2008; Zhao et al., 2009; Adsul et al., 2009). Reaction
rates for regenerated cellulose were increased by only 2- to 6-fold in comparison
to untreated cellulose for cellulases from thermophilic organisms (Datta et al.,
2010). The same authors also found that, in the presence of more than 10% (v/v)
ionic liquid, the cellulase activity on regenerated cellulose was already lower than
for untreated cellulose without any ionic liquid.
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Figure 2.7: Initial reaction rate and relative cellulase activity of untreated and regen-
erated α-cellulose at diﬀerent MMIM DMP concentrations. Bars denote
the initial reaction rate of untreated cellulose (full bar) and regenerated
cellulose (open bar), whereas curves indicate relative cellulase activity as a
function of MMIM DMP concentration. Soluble sugars formed from 10 g/L
substrate at 45 ◦C using 1.8 g/L desalted cellulase were measured.
The reason for lower sugar yield using regenerated cellulose with residual ionic
liquid may be the composition of the diﬀerent cellulases in the commercial
Celluclast preparation. It is likely that the ionic liquid speciﬁcally inﬂuences
each of the cellulases in the Celluclast mixture in a diﬀerent way. Since endo-
and exo-β-glucanases have diﬀerent substrate preferences such as amorphous or
crystalline celluloses, the respective reactions will proceed diﬀerently with the
two substrates. This is supported by the results shown in Fig. 2.3 where the
hydrolysis of the two tested soluble substrates was aﬀected less by ionic liquids
than the insoluble α-cellulose. The eﬀect of ionic liquids on puriﬁed endo- and
exo-β-glucanases as well as β-glucosidase and a rational cellulase mixture opti-
mization for regenerated cellulose in the presence of residual ionic liquid will be
discussed in chapter 3.
2.3.3 Combined approach of chemical and enzymatic
hydrolysis for highly eﬃcient cellulose conversion
The future of cellulose derived biofuel lies in a safe and low cost hydrolysis of
cellulose to sugars. Despite successfully illustrating the improved conversion
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Figure 2.8: Cellulose hydrolysis of untreated and regenerated α-cellulose at diﬀerent
MMIM DMP concentrations. Soluble sugars formed from 10 g/L sub-
strate at 45 ◦C using 1.8 g/L desalted cellulase were measured. Reaction
conditions correspond to Fig. 2.7.
of regenerated cellulose, the highest possible yields and short reaction times
are crucial. Apart from enzymatic hydrolysis, the heterogeneous acid-catalyzed
hydrolysis of dissolved cellulose in the ionic liquid BMIM Cl can eﬀectively reduce
polymer chain length as shown by the group of Ferdi Schüth at he MPI for
Kohlenforschung in Mühlheim. However, the conversion is not selective to glucose,
and side products, such as HMF and furfural are produced (Rinaldi et al., 2008,
2010). To further improve the overall cellulose hydrolysis, the chemical and
enzymatic hydrolysis approach were combined (see Fig. 2.9). First, cellulose was
partially depolymerized in BMIM Cl using the solid acid catalyst at the MPI.
Next, the resulting cellooligomers were precipitated and washed with water and
ﬁnally hydrolyzed enzymatically to soluble sugars in buﬀer.
Performing the acid-catalyzed depolymerization of cellulose using a solid catalyst
(e.g. Amberlyst 15DRY) allowed to control the reaction progress, resulting in
cellooligomers of tunable degree of polymerization. To investigate whether the solid
acid pretreatment in an ionic liquid has positive eﬀects, the subsequent enzymatic
hydrolysis was performed using cellooligomers with diﬀerent weight average degrees
of polymerization (DPw) generated by chemical hydrolysis (Fig. 2.10).
Similar to the results in Fig. 2.8 the hydrolysis of ionic liquid-pretreated cellulose in
Fig. 2.10 was advantageous in comparison to untreated α-cellulose with conversions
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Figure 2.9: Combined approach of chemical and enzymatic cellulose hydrolysis.
of 79% and 46% after 4 h, respectively. The hydrolysis of acid-hydrolysis pretreated
cellulose was even faster than for regenerated cellulose reaching nearly quantitative
conversion of 94% within only 4 h at 45 ◦C. The fast hydrolysis of cellooligomers
could even be visually observed, as shown in Fig. 2.11, where the level of sedimented
undissolved fraction rapidly decreased within 2 hours observation. Surprisingly, no
further increase in hydrolysis rate was observed for enzymatic reactions carried out
with cellooligomers of DP below 800. This ﬁnding is important because starting
from native cellulose (DP = 2000− 10000), this oligomer length can already be
produced after 3 to 16 scissions of chemical hydrolysis, which is achievable in less
than 1 h in the ﬁrst process stage. Almost no low molecular weight products are
generated during this short chemical hydrolysis step, thereby eliminating loss of
glucose by completely suppressing formation of dehydration products (Rinaldi
et al., 2010). Consequently, the integration combines the advantages of chemical
and enzymatic hydrolysis, with rapid, quantitative, and selective conversion of
cellulose to sugars.
It is interesting to note that the development of the soluble sugar release
during enzymatic cellulose hydrolysis depended on the cellulose pretreatment
(Fig. 2.12). An increase in the ratio of glucose to cellobiose was observed from
cellooligomers, over regenerated cellulose to α-cellulose. The diﬀerent proﬁles were
most likely due to the structural diﬀerences in the substrates and an enhanced
exo-β-glucanase activity, causing product inhibition. Consequently, the cellobiose
to glucose ratio could probably be improved by an optimized cellulase mixture
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Figure 2.10: Enzymatic hydrolysis of untreaded α-cellulose, pretreated α-cellulose,
and cellooligomers regenerated from BMIM Cl. Soluble sugars formed
from 10 g/L substrate at 45 ◦C, pH 4.8 using 2% (v/v) Cellulase were
measured.
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Figure 2.11: Undissolved cellooligomers during enzymatic hydrolysis. Reaction condi-
tions and symbols correspond to Fig. 2.10.
and addition of β-glucosidase, similar to the strategy outlined at the end of
chapter 2.3.2.
In summary, a fast and eﬃcient process for complete hydrolysis of cellulose
to sugars was indeed feasible employing ionic liquids as reaction medium and
pretreatment strategy, respectively. Nearly quantitative yield was achieved within
only 5 h for the combined reaction times of chemical and enzymatic hydrolysis.
Thereby, the overall process could be accelerated by about one order of magnitude
at very high yields.
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Figure 2.12: Proﬁles of the glucose-to-cellobiose yield ratio in the enzymatic hydrolysis
of α-cellulose, cellulose regenerated from BMIM Cl and cello-oligomers.
Reaction conditions and symbols correspond to Fig. 2.10.
2.4 Summary of key ﬁndings
To characterize the heterogeneous ionic liquid-assisted cellulose hydrolysis, the
interaction of ionic liquid from the pretreatment, commercial cellulases and
diﬀerent substrates were investigated in detail. It was found that the cellulase
activity dropped quickly with increasing ionic liquid concentration. The cellulase
activity was not only impaired by the diﬀerent tested ionic liquids, but also by
the same ionic liquid from diﬀerent manufacturers, suggesting an important role
of production impurities. Furthermore, soluble and insoluble cellulosic substrates
were compared and it could be demonstrated that a heterogeneous substrate, e.g.
α-cellulose, should be chosen to obtain meaningful results that are transferable to
potential industrial bioreﬁnery processes.
Viscosity and ionic strength were identiﬁed as two major factors, contributing
to reduced cellulose activity in presence of ionic liquids, suggesting the targeted
search for low-viscosity ionic liquids. Nonetheless, it was proven that cellulases
retained stability even in presence of residual ionic liquid. Thereby, it was possible
to hydrolyze regenerated cellulose in the presence of residual ionic liquid and
reduce wash steps prior to hydrolysis. However, reduced yields were observed
with residual ionic liquid present.
To even further increase the eﬃciency of cellulose hydrolysis, a new approach was
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developed, combining chemical and enzymatic hydrolysis. Dissolved cellulose was
ﬁrst partially hydrolyzed in ionic liquid using a solid acid catalyst. The resulting
cellooligomers were then precipitated. Subsequently, the cellooligomers were than
very rapidly hydrolyzed enzymatically in buﬀer. Thereby, it was possible to reduce
the total hydrolysis time to only 5 h and reach almost quantitative conversion of
> 95%. This combined chemo-enzymatic process is one of the fastest hydrolysis
reactions ever presented, while maintaining full selectivity.
In conclusion, cellulose hydrolysis was improved by ionic liquid pretreatment and
was feasible in presence of residual ionic liquid. Based on the presented results,
two key factors improved enzymatic cellulose hydrolysis. First, ionic liquid pre-
treatment increased the amorphous regions and available surface area for cellulases
to bind to (Fig. 2.8) and second, increased number of reducing ends, as produced
by chemical pre-hydrolysis, further improved enzymatic hydrolysis (Fig. 2.10).
Therefore, it can already be suggested that an increased endo-β-glucanase fraction
can further improve hydrolysis of ionic liquid regenerated cellulose because more
amorphous regions result in more accessible EG binding sites, thus to more re-
ducing ends for CBH. However, based on the results in this chapter it is not
yet possible to determine the optimal EG concentration. Furthermore, declining
cellulase activity in presence of residual ionic liquid has to be taken into account.
Therefore, the eﬀect of the ionic liquid on individual cellulases was analyzed and
afterwards the cellulase mixture was rationally optimize for hydrolysis of ionic
liquid pretreated cellulose (Ch. 3).
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3 Rational cellulase mixture
optimization
3.1 Approaches for cellulase mixture optimization
The results of chapter 2 illustrate that the hydrolysis of regenerated cellulose
containing residual ionic liquid is generally feasible. However, the reduced yields
require further optimization of the reaction system. A crucial aspect is the
optimized cellulase mixtures for this particular reaction system of regenerated
cellulose containing residual ionic liquid.
Generally, the adaptation of cellulase mixtures for optimized cellulose hydrolysis
has to be performed for each particular cellulosic substrate and for each pretreat-
ment method. Impurities originating from pretreatment have to be considered,
including residual solvents, lignin, or hemicellulose (Banerjee et al., 2010c). Mix-
ture optimizations have been performed for cellulose (Baker et al., 1998; Gusakov
et al., 2007), for lignocellulose substrates (Banerjee et al., 2010a,b; Berlin et al.,
2007), and for diﬀerent pretreatment methods (Rosgaard et al., 2007). Until
now, most eﬀorts to identify optimal cellulase mixtures have been empirically
driven, using design of experiments (DOE) and statistical analysis. However,
DOE requires a relatively large experimental eﬀort and the results provide no fun-
damental understanding for the interaction of cellulase and pretreated substrates.
Therefore, the ﬁndings are generally not transferable to other substrates, other
cellulases, and other pretreatment scenarios.
To improve the fundamental understanding of enzymatic cellulose hydrolysis
of pretreated substrates and to use this information to rationally optimize the
cellulase mixture, mechanistic cellulase models are desirable (Zhang and Lynd,
35
Chapter 3. Rational cellulase mixture optimization
2004). Due to the complexity of cellulose hydrolysis only few mechanistic modeling
approaches are currently known, and the development of mechanistic cellulase
models is still ongoing (Bansal et al., 2009; Levine et al., 2010; Zhou et al.,
2009a,b, 2010). A ﬁrst approach to use a mechanistic model for cellulase mixture
optimization has been recently published (Levine et al., 2011). However, even
this mechanistic model still needs further improvement, particularly in describing
the correct cellulase binding on the available surface area. Furthermore, the
mechanistic model is very complex with many parameters. Therefore, it is
not easily applicable to diﬀerent substrates and reaction systems. Apart from
mechanistic models a number of empiric or semi-mechanistic models have been
successfully used to predict initial reaction rates, cellulase synergies, or hydrolysis
progress (Bailey, 1989; Nidetzky et al., 1994; Zhang and Lynd, 2004). The semi-
mechanistic models are particularly useful, if only limited information and only
few experimental data are available for describing the reaction system (Bansal et
al., 2009).
In this chapter a simple semi-empiric model was applied to rationally optimize
cellulase mixtures for hydrolysis yield on regenerated cellulose, containing residual
ionic liquid from the pretreatment. To develop the model and to show the
applicability of this approach, a well deﬁned environment with cellulose and only
three enzymes was selected. The inﬂuence of ionic liquid on the activity and
stability of endo-β-glucanase (EG I), cellobiohydrolase (CBH I), and β-glucosidase
(BG) was investigated. Based on the results, a model was developed to describe
the kinetics of the individual cellulases EG I and CBH I. The model was then
extended for binary cellulase mixtures of EG I and CBH I by including a synergy
term into the model. Finally, the model was successfully applied to optimize the
hydrolysis of regenerated cellulose containing residual ionic liquid.
3.2 Material and methods
Materials
The ionic liquid 1,3-dimethylimidazolium dimethylphosphate (MMIM DMP) was
purchased from Merck (Darmstadt, Germany) and used without further treatment
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(Ch 2.2). α-Cellulose (Sigma, Hamburg, Germany) was gently dried at 80 ◦C
over night before use. As in chapter 2, α-cellulose was chosen as a substrate
because it is a well deﬁned cellulose substrate with similar properties as cellulose
in wooden biomass. The cellulases cellobiohydrolase I (CBH I, EC 3.2.1.91)
and endo-β-glucanase I (EG I, EC 3.2.1.4) from T. reesei were puriﬁed from
the commercial cellulase preparation Celluclast 1.5 L ATCC26621 (Novozyme,
Denmark). The commercial β-glucosidase (BG, EC 3.2.1.21) Novozyme 188 from
A. niger was purchased from Novozyme (Denmark).
Cellulase puriﬁcation
The puriﬁcation protocol for the cellulases CBH I and EG I by column chromatog-
raphy with an ÄKTA FPLC system (GE Healthcare, Buckinghamshire, UK) was
adopted from Jäger et al. (2010). All chromatography columns were purchased
from GE Healthcare. Celluclast was ﬁrst rebuﬀered using 0.05M Tris HCl
buﬀer (pH 7) with a HiPrep 26/10 desalting column. The rebuﬀered cellulases
were then separated by anion exchange chromatography (AEX) using a HiPrep
DEAE FF 16/10 Sepharose column. The protein was eluted stepwise (35% (v/v)
and 100% (v/v)) with 0.2M sodium chloride in 0.02M Tris HCl buﬀer (pH 7).
The 1st elution peak of the AIX contained mainly EG I, whereas the 2nd elution
peak contained primarily CBH I. To obtain puriﬁed EG I, the 1st elution peak of
the AEX was further puriﬁed using cation exchange chromatography (CEX) with
a HiTrap SP Sepharose column with 0.02M sodium acetate buﬀer (pH 3.6). The
protein was eluted from the CEX stepwise (15% (v/v) and 100% (v/v)) with 1M
sodium chloride in 0.02M sodium acetate buﬀer (pH 3.6). EG I eluted in the 1st
elution of the CEX and was ﬁnally rebuﬀered and concentrated via Vivacell 100
(Sartorius Stedim Biotech, Göttingen, Germany) in 0.1 M sodium acetate buﬀer
(pH 4.8). To obtain the puriﬁed CBH I the snd elution peak of the AEX was
further puriﬁed by size exclusion chromatography (SEC) using 0.1 M sodium
acetate buﬀer (pH 4.8).
β-Glucosidase (BG) (Novozyme 188) is the partially ﬁltered fermentation broth
from A. niger and still contains signiﬁcant amounts of cell debris. The cellulase
preparation was ﬁrst ﬁltered with a 0.2μm cellulose acetate ﬁlter (Sartorius Stedim
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Biotech, Göttingen, Germany) and afterwards rebuﬀered in 0.1M sodium acetate
buﬀer with a HiPrep 26/10 desalting column to remove residual impurities.
The protein concentration of the puriﬁed cellulases was determined by the
Pierce BCA Protein Kit (Thermo Scientiﬁc, Waltham, USA) according to
the manufacturers’ protocol. The calibration was performed with bovine serum
albumin (BSA) (Thermo Scientiﬁc, Waltham, USA). The purity of the puriﬁed
cellulases was determined by SDS PAGE. The samples were analyzed with a
Novex 12% polyacrylamide Tris glycine gel according to manufacturer’s protocol
(Invitrogen, CA, USA). A prestained marker (New England Biolabs, MA, USA)
was used as molecular mass marker. The proteins were stained with coomassie
brilliant blue and analyzed densitometrically using a scanner Perfection V700
(Epson, Suawa, Japan).
The purity, cellulase concentration, and activity of the puriﬁed cellulases is listed
in table 3.1. The activity values for EG I and CBH I were very low compared
to typically known enzyme activities. This was due to the insoluble substrate
and the values are in the same order as published by Jäger et al. (2010). Even
though the purity of EG I and BG was below 60%, it was known from the study
of Jäger et al. (2010) that in case of EG I other endo-activities were still present
but all interfering exo-cellulase activities were removed. For BG, three diﬀerent
enzymes with BG activity are known to be produced by A. niger (Abdel-Naby et
al., 1998). None of these impurities interfered with the experiments in this study.
Table 3.1: Properties of the puriﬁed cellulase enzymes.
cellulase purity [%] protein concentration [g/L] activitya [U/mg]
EG I 55 1.7 0.2b
CBH I 100 40 0.03b
BG 59 30 16c
aactivity measured at 45 ◦C, pH 4.8 in 0.1M sodium acetate buﬀer
b10 g/L α-cellulose and 30min incubation
c2 g/L cellobiose and 10min incubation
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Cellulose pretreatment and hydrolysis
The following procedures were performed as described in chapter 2.2: ionic liquid
cellulose pretreatment, regeneration, adjusting the exact residual ionic liquid
concentration, and enzymatic hydrolysis.
Glucose and cellobiose formation during the reaction was measured by HPLC with
refractive index detector (Dionex STH 585, 232 XL, E580, Sunyvale, USA) using
an 300x4 mm organic acid column (CS Chromatographie, Langerwehe, Germany)
with a ﬂow rate of 1mL/min and 5mM H2SO4 as eluent.
Modeling cellulose hydrolysis
Cellulose hydrolysis was described with the model developed in section 3.3.2
and 3.3.3. The model was implemented in the software ModelMaker Version
3.0.4 (Cherwell Scientiﬁc Ltd, Oxford, UK). The model was integrated using the
Runge-Kutta algorithm, and parameter estimation was performed by minimizing
the least squares using the simplex algorithm.
3.3 Results and discussion
3.3.1 Ionic liquid inﬂuence on individual cellulases (EG I,
CBH I, BG)
To rationally optimize the enzymatic hydrolysis of regenerated cellulose contain-
ing residual ionic liquid, it is a prerequisite to ﬁrst understand how the ionic
liquid inﬂuences the individual cellulases. As presented in chapter 2.3.1 ionic
liquid reduced cellulase activity but the stability of the cellulases was maintained.
However, experiments in chapter 2 were performed with the commercial T. reesei
cellulase mixture, Celluclast, and not for the individual cellulases. Therefore,
activity of puriﬁed endo-β-glucanase I and cellobiohydrolase I on regenerated
α-cellulose was measured for ionic liquid MMIM DMP contents up to 30% (v/v)
and were compared to the activity in buﬀer. In case of β-glucosidase, the corre-
sponding enzyme activity was measured with cellobiose as substrate. The relative
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activity of the glucanases at diﬀerent MMIM DMP concentrations is shown in
Fig. 3.1. The values for the relative activity in 10% (v/v) MMIM DMP is also
given in Tab. 3.2.
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Figure 3.1: Inﬂuence of MMIM DMP on the enzymatic activity of endo-β-glucanase
(EG I), cellobiohydrolase (CBH I) and β-glucosidase (BG) relative to the
activity in buﬀer. Substrate for EG I and CBH I was 10 g/L regenerated
α-cellulose and for BG 2 g/L cellobiose. Protein concentrations were
0.15 g/L, 1.0 g/L, and 0.01 g/L for EG I, CBH I and BG, respectively.
Incubation performed in 0.1M sodium acetate buﬀer at pH 4.8 and 45 ◦C.
Reaction time for EG I and CBH I was 30 min and for BG 10min.
With increasing MMIM DMP concentration, the relative activity for all three
tested glucanases decreased nearly linearly. The impact of MMIM DMP
on endo-β-glucanase I and cellobiohydrolase I was similar, although endo-β-
glucanase I retained more than twice the relative activity of cellobiohydrolase I
at 30% (v/v) MMIM DMP. For β-glucosidase the relative activity dropped
much stronger and no enzymatic activity could be detected above 15% (v/v)
MMIM DMP.
Puriﬁed endo-β-glucanase I and cellobiohydrolase I were slightly less inﬂuenced by
MMIM DMP than their commercial Celluclast source, which showed only 30%
residual activity in 10% (v/v) MMIM DMP (see chapter 2.3.1). Both puriﬁed
recombinant endo-β-glucanase and cellobiohydrolase, from extremophilic origin
and commercial recombinant endo-β-glucanase and cellobiohydrolase showed an
almost identical linear activity decrease at increasing concentrations of the ionic
liquid 1-ethyl-3-methylimidazolium acetate (EMIM Ac) (Bharadwaj et al., 2011;
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Datta et al., 2010). The role of β-glucosidase in the Celluclast mixture could not
be fully revealed as a β-glucosidase from A. niger was analyzed here. Nonetheless,
the results in Fig. 3.1 of strongly reduced A. niger β-glucosidase activity at
elevated MMIM DMP concentrations suggest that the lower yields from the
hydrolysis of regenerated cellulose in the presence of residual MMIM DMP (as
observed in chapter 2.3.2) might be due to insuﬃcient T. reesei β-glucosidase ionic
liquid tolerance. Therefore, to compensate β-glucosidase activity loss, a higher
β-glucosidase concentration of 0.05 or 0.1 g/L is recommended for an eﬀective
hydrolysis of regenerated cellulose with residual ionic liquid. Since β-glucosidase is
still applied in low concentration compared to the cellulases, this addition will
not signiﬁcantly change overall enzyme cost.
In addition to the inﬂuence of ionic liquid on cellulase activity, the storage stability
of the glucanases under process conditions (45 ◦C, pH 4.8) was investigated. The
residual activity during the incubation over one week in sodium acetate buﬀer
and in 10% (v/v) MMIM DMP are given in Fig. 3.2
In buﬀer, all three tested cellulases retained a very good stability at 45 ◦C in
sodium acetate buﬀer pH 4.8 over the entire incubation period because even after
6 days incubation the residual activity did not drop below 90%. When storing
the glucanases in 10% (v/v) MMIM DMP, glucanase activity decreased stronger
over time. Nonetheless, after 6 days the residual activity was still high with
69%, 62%, and 54% for endo-β-glucanase I, cellobiohydrolase I, and β-glucosidase,
respectively. In case of β-glucosidase a steeper drop to 60% occurred within
the ﬁrst 10 hours of incubation but in the following 5 days the residual activity
declined only further to 54%. In conclusion, the glucanase stability remained high
even in presence of ionic liquid. This conﬁrms the stability investigation using
cellulase mixtures, showing good stability with ionic liquids for Celluclast (see
chapter 2.3.1) and cellulase from P. janithellum (Adsul et al., 2009). The stronger
initial activity decline when incubating cellulases with ionic liquid as observed for
β-glucosidase was also observed in chapter 2.3.1.
To optimize the cellulose hydrolysis in section 3.3.2 - 3.3.4, inactivation rate
constants were determined from the measurements in Fig. 3.2. A ﬁrst order inacti-
vation according to equation 3.1 was assumed for endo-β-glucanase, cellobiohydro-
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Figure 3.2: Glucanase storage stability under process conditions (45 ◦C) in buﬀer
(ﬁlled symbols) or 10% (v/v) MMIM DMP (open symbols) for (A) EG I,
(B) CBH I, and (C) BG. Residual activity measured after incubation
for the respective incubation time. Substrate concentrations, glucanase
concentrations and activity measurement as for Fig. 3.1. Lines describe
the inactivation according to Eq. 3.1 and 3.2.
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lase I, and β-glucosidase in buﬀer and endo-β-glucanase and cellobiohydrolase I
in 10% (v/v) MMIM DMP:
v(t) = v0 · e−kd,E,1·t (3.1)
where v0 is the enzyme activity at t = 0, v(t) is the residual enzyme activity at
time t, kd,E,1 is the inactivation constant in 1/d, and t is the incubation time in
days.
To account for the stronger activity decline within the ﬁrst day for the
β-glucosidase in 10% (v/v) MMIM DMP, the ﬁrst order inactivation assumption
was not suﬃcient. This inactivation behavior can be described by a bi-exponential
inactivation in equation 3.2, that is based on a two step inactivation theory. This
inactivation theory assumes an equilibrium between active and inactive form
of the enzyme and additionally an irreversible reaction to denatured, inactive
enzyme (Ayamard and Belarbi, 2000):
v(t) = v0 · B · e−kd,E,2·t + v0 · (1− B) · e−kd,E,1·t (3.2)
where B represents the proportion of the active enzyme undergoing fast inacti-
vation, kd,E,2 reﬂects the inactivation rate constant for the fast initial activity
decline and kd,E,1 is the lower inactivation rate constant for the activity decline of
the remaining enzyme preparation (1− B).
The lines in Fig. 3.2 show the ﬁts to the inactivation experiments according to
equation 3.1 and 3.2. The corresponding inactivation parameters are listed in
table 3.2. In agreement with the qualitative results from Fig. 3.2, all glucanases
had very low inactivation rate constants in buﬀer as well as 10% (v/v) MMIM DMP.
Even though the inactivation rate constants in 10% (v/v) MMIM DMP were
about 4 times higher compared to the values in buﬀer, the glucanases retained
good stability. The lowest half life, which was observed for cellobiohydrolase I
in 10% (v/v) MMIM DMP, was still higher than 9 days, thereby, signiﬁcantly
exceeding the typical cellulose hydrolysis time of 2-3 days (chapter 2.3.2 and 2.3.3).
Endo-β-glucanase I showed a higher stability with a 22% lower inactivation rate
constant compared to cellobiohydrolase I in 10% (v/v) MMIM DMP.
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Table 3.2: Cellulase inactivation rate constants and relative activity in buﬀer and with
10% (v/v) MMIM DMP.
Cellulase Rel. activity [%]a ki,1 [1/d]b B [-]b ki,2 [1/d]b
EG I buﬀer 100 0.014
10% (v/v) MMIM DMP 63 0.057
CBH I buﬀer 100 0.022
10% (v/v) MMIM DMP 60 0.073
BG buﬀer 100 0.008
10% (v/v) MMIM DMP 34 0.037 0.392 41.7
arelative activity from Fig. 3.1
binactivation rate constants estimated based on the residual activity in Fig. 3.2
Based on the results from of activity and stability investigations, the activity of
the glucanases was 2-3 times lower when MMIM DMP was present. Although
the stability was reduced by a factor of approximately 4, suﬃcient glucanase
stability was retained for the hydrolysis duration, corresponding to 80-90% residual
enzymatic activity after ﬁrst 48 h. Thus, in accordance with the results in
chapter 2 it should be feasible to hydrolyze regenerated cellulose with residual
ionic liquid. An increased amount of β-glucosidase is recommended to account for
β-glucosidase activity loss when residual ionic liquid is present in order to avoid
product inhibition by cellobiose. As it could be shown that endo-β-glucanase I
had a slightly higher ionic liquid tolerance compared to cellobiohydrolase I with
respect to activity and stability, this quantitative information was next used for
the rational cellulase mixture optimization.
3.3.2 Kinetic measurements and modeling of individual
cellulases
To ﬁnd an optimized cellulase mixture for hydrolysis, a very simple two parameter
modeling approach was chosen. A semi-empiric model was used because only
limited information about the reaction system, e.g. with respect to structural
substrate properties, was available (Zhang and Lynd, 2004). First, the model
was developed and then validated with kinetic measurements for the individual
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cellulases endo-β-glucanase I and cellobiohydrolase I. Second, the system was
extended to describe the hydrolysis with cellulase mixtures in section 3.3.3, and
ﬁnally, the model was applied to identify an optimized cellulase mixture in
section 3.3.4.
The model assumes a cellulase loading-dependent ﬁrst-order reaction rate for the
heterogeneous cellulose hydrolysis:
d[C]
dt
= −kE · [C] (3.3)
where kE is the cellulase-dependent ﬁrst order reaction rate constant in 1/h and
[C] is the cellulose concentration in g/L.
It assumes maximal enzymatic activity for all cellulases bound to the available
cellulose surface area according to the Langmuir adsorption isotherm (Bansal et
al., 2009). Previously, this ﬁrst order reaction rate has been successfully applied
to describe the cellulase loading-dependent initial reaction rates (Bailey, 1989;
Bharadwaj et al., 2011; Nidetzky et al., 1994):
kE =
kE,max · [E]
KE + [E]
(3.4)
where kE,max is the maximum reaction rate in 1/h that incorporates the cellulase
binding capacity of the Langmuir isotherm, the maximum reaction rate and the
available surface area. KE is the half saturation constant in g/L and [E] is the
cellulase concentration in solution in g/L.
As it is known that reaction rate is not constant throughout enzymatic cellulose
hydrolysis, additional terms have to be included to account for the declining
reaction rate. The two main factors are (1) enzyme inactivation and (2) cellulose
hydrolysis with concomitant particle degradation and therefore, reduced particle
surface that dominate later reaction times. Both factors had to be included in
equation 3.4 that models the constant initial ﬁrst order reaction rate parameter.
First, inactivation of the cellulases over time was considered by equation 3.1, using
the values from Tab. 3.2. Second, the reaction rate during hydrolysis declines
because the cellulose particles are reduced in size, thereby reducing the amount of
available surface area for the cellulases to bind (Bansal et al., 2009; Bommarius
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et al., 2008). A linearly decreasing reaction rate with increasing conversion was
assumed as applied in earlier studies (Kadam et al., 2004), resulting in equation 3.5:
kE
(
[C], t
)
= kE · [C]
[C]0
· e−ki,1·t (3.5)
where [C]0 is the initial cellulose concentration. The resulting diﬀerential equation
to describe the kinetics of the cellulase-loading dependent cellulose hydrolysis is
given in equation 3.6:
d[C]
dt
= −kE
(
[C], t
) · [C] (3.6)
Neither product inhibition by cellobiose nor cellobiose hydrolysis by β-glucosidase
were included in the model to keep it as simple as possible. To avoid the accumu-
lation of cellobiose in the course of the hydrolysis experiments, β-glucosidase was
added at an excess amount of 0.1 g/L. Based on the results of section 3.3.1
this amount of β-glucosidase could assure that all cellobiose was converted to
glucose even in 10% (v/v) MMIM DMP. Additionally, HPLC analysis conﬁrmed
a cellobiose concentration of below 0.3 g/L in all experiments, thereby supporting
that inhibition by cellobiose was negligible. The resulting progress curves are
shown in Fig. 3.3.
The model parameters kE,max and KE for endo-β-glucanase I and cellobiohydro-
lase I were identiﬁed from progress curves in buﬀer with the individual cellulases
(Tab. 3.3). For hydrolysis in 10% (v/v) MMIM DMP no additional parameters
were ﬁtted, but the eﬀect of the ionic liquid was accounted for by reducing kE,max
by 37 and 40% for EG I and CBH, respectively, according to the relative ac-
tivity in 10% (v/v) MMIM DMP from Tab. 3.2. The experimental and model
results presented in Fig. 3.3 agreed well for endo-β-glucanase I and cellobiohy-
drolase I in buﬀer and in 10% (v/v) MMIM DMP. For endo-β-glucanase I in
buﬀer the model slightly underestimated the sugar formation within the ﬁrst 5
hours whereas the hydrolysis in 10% (v/v) MMIM DMP was described correctly
(Fig. 3.3A). The model for the cellobiohydrolase I in buﬀer on the other hand
slightly underpredicted sugar formation in 10% (v/v) MMIM DMP (Fig. 3.3B).
The study of Nidetzky et al. (1994) used a cellulase loading-dependent reaction
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Figure 3.3: Conversion of 10 g/L regenerated α-cellulose with (A) 0.1 g/L EG I, (B)
0.5 g/L CBH I, and 0.1 g/L BG each in sodium acetate buﬀer and with
10% (v/v) MMIM DMP. Points are experimental HPLC soluble sugar
values and lines the model results. Incubation performed in 0.1M sodium
acetate buﬀer at pH 4.8 and 45 ◦C.
rate model and reported values of 0.45 g/L/h and 4.2M for kE,max and KE for
cellobiohydrolase I, respectively; for endo-β-glucanase I values of 0.17 g/L/h and
0.095M for kE,max and KE were reported, respectively. In another study, using
a commercial cellulase mixture, values of 89 - 98 nM/s and 1.5 - 6 g/L were
reported for kE,max and KE, respectively (Bharadwaj et al., 2011). However,
the values reported earlier cannot be compared to the ﬁtted values for kE,max
and KE in Tab. 3.3 because in the earlier studies the substrate concentrations
were already included in kE,max, whereby a zero-order reaction rate was used,
while here ﬁrst-order reaction rates were applied. Furthermore, this simple model
was not universal and strongly depended on the used cellulases and substrate
properties. Nonetheless, the general trends of lower kE,max and KE values for
endo-β-glucanase I compared to cellobiohydrolase I agreed with the literature
ﬁndings. The values determined here were higher, which is likely due to the
better cellulose accessibility after the ionic liquid pre-treatment. In conclusion, the
proposed model was well suited to describe the hydrolysis of regenerated cellulose
in buﬀer and in 10% (v/v) MMIM DMP. Therefore, the model was next adapted
to describe the hydrolysis of cellulase mixtures.
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3.3.3 Kinetic measurement and modeling of cellulase
mixtures
When hydrolyzing cellulose with cellulase mixtures, the combined catalytic activity
of the cellulases is larger than the sum of the individual activities. This eﬀect
is frequently referred to as synergism (Henrissat et al., 1985). The synergistic
reaction rate constant was modeled here as the sum of the individual reaction
rate constants and an additional reaction rate constant ksyn to describe synergism
(equation 3.7 and 3.8) (Nidetzky et al., 1994):
kEG,CBH = kEG + kCBH + ksyn,EG,CBH (3.7)
ksyn,EG,CBH = ksyn,max· [EG] · [CBH]
KEG ·KCBH +KEG · [CBH] +KCBH · [EG] + [EG] · [CBH]
(3.8)
where ksyn,EG,CBH is the initial rate gain for the cellulase mixture in 1/h and
ksyn,max describes the maximal initial rate gain obtained at optimal cellulase
loadings. In the synergy model the ionic liquid inﬂuence was again considered
by reducing the cellulase concentrations in equation 3.8 according to the relative
activities at 10% (v/v) MMIM DMP from Fig. 3.1 and Tab. 3.2.
The importance of synergy for regenerated cellulose hydrolysis was evaluated
by comparing experimental and model results with and without synergism term.
Regenerated α-cellulose was hydrolyzed with a deﬁned cellulase mixture of 20%
endo-β-glucanase I and 80% cellobiohydrolase I. This ratio was chosen because it
roughly represents the endo/exo-β-glucanase ratio that is known for the commercial
Celluclast (Rosgaard et al., 2007). Furthermore, 0.1 g/L β-glucosidase was added
to eliminate potential cellobiose inhibition. The experiments were performed in
buﬀer and in 10% (v/v) MMIM DMP. The experimental and model results are
shown in Fig. 3.4, and the ﬁtted parameter values of ksyn,max are listed in Tab. 3.3.
Fig. 3.4A clearly shows that the model without synergy underpredicted the
cellulose hydrolysis using the cellulase mixture over the full reaction period. In
contrast, the model including synergy agreed well with the experimental results.
Therefore, the synergistic eﬀect of the cellulases had to be considered to model
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Figure 3.4: Conversion of 10 g/L regenerated α-cellulose with 0.5 g/L cellulases (80%
CBH I and 20% EG I) and 0.1 g/L BG in (A) buﬀer and (B) in 10% (v/v)
MMIM DMP. Points are experimental values and lines model results.
Incubation performed in 0.1M sodium acetate buﬀer at pH 4.8 and 45 ◦C.
the cellulose hydrolysis with cellulase mixtures correctly. Same as for kE,max a
direct comparison of the values for ksyn,max in Tab. 3.3 was not possible. Reported
values of 0.5 - 2.2 g/L/h were 1 to 2 orders of magnitude lower (Nidetzky et al.,
1994). Apart from the diﬀerent reaction order of ksyn,max, the values were highly
cellulase- and substrate-speciﬁc. The higher ksyn,max value reported here was
associated with the ionic liquid pretreatment, leading to fully amorphous structure
and consequently much higher available surface area for the cellulases (Zhao et
al., 2009). Particularly, endo-β-glucanases could cleave the polymer chains much
better, thereby providing additional chain ends to attack for the exo-β-glucanases,
resulting in a strongly increased synergism.
The results for the hydrolysis with the cellulase mixture in 10% (v/v) MMIM DMP
are given in Fig. 3.4B. Same as for the hydrolysis in buﬀer the model without syn-
ergy underpredicted the sugar formation. However, the deviation was signiﬁcantly
smaller than for the hydrolysis in buﬀer. The model with synergy correctly de-
scribed the cellulose hydrolysis. The ﬁtted ksyn,max for the hydrolysis in 10% (v/v)
MMIM DMP were 70% lower than the value for the same substrate in buﬀer.
Interestingly, the product of the relative activity decline for endo-β-glucanase I
and cellobiohydrolase I in 10% (v/v) MMIM DMP from Tab. 3.2 also results in
a similar 62% reduced value. Therefore, the ionic liquid strongly reduced the
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degree of synergy of the cellulases, which is of particular importance for cellulose
hydrolysis using cellulase mixtures.
Table 3.3: Fitted model parameters.
parameter endo-β-glucanase I cellobiohydrolase I
KE [g/L]a 1.5 10.2
kE,max [1/h]a 0.69 1.19
ksyn,max [1/h] 50.7b/13.9c
aestimated based on the experimental values in Fig. 3.3
bestimated for buﬀer based on experimental values in Fig. 3.4A
bestimated for 10% (v/v) MMIM DMP based on experimental values in Fig. 3.4B
In conclusion, it was possible to describe the cellulose hydrolysis using a cellulase
mixture in buﬀer and in 10% (v/v) MMIM DMP, with the empiric model including
synergy. The next step was to apply this model to rationally optimize the cellulase
mixture for the hydrolysis of regenerated cellulose with residual ionic liquid.
3.3.4 Cellulase mixture optimization
To identify optimal EG I/CBH I mixtures for the hydrolysis of regenerated
cellulose containing residual ionic liquid, the sugar yields after 48 h in 10% (v/v)
MMIM DMP of the synergistic model and the experiments were compared in
Fig. 3.5. It is important to note that no β-glucosidase was added in this experiment
and the model did not account for cellobiose inhibition.
Comparing the general trends of experiment and model in Fig. 3.5, higher yields
were obtained with an increasing endo-β-glucanase I fraction. The highest yields
were achieved with 60-70% endo-β-glucanase I. Even though the general trends of
experiment and model agreed very well, the model systematically overpredicted
the yield by 20-25%. This deviation was due to the lack of β-glucosidase in the
experiments, resulting in cellobiose product inhibition that was not included in
the model. Cellobiose reached levels of 3 - 5mM in the experiments. Competitive
cellobiose inhibition constants of 0.01mM and 0.093mM for endo-β-glucanase I
and cellobiohydrolase I, respectively, are reported (Levine et al., 2010). Thereby,
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Figure 3.5: Sugar formation after 48 h incubation of 10 g/L regenerated α-cellulose with
varying EG I/CBH I mixtures in 10% (v/v) MMIM DMP. Points are
experimental values w/o added BG and lines the results of the model with
synergy, but w/o cellobiose inhibition (eq. 3.5 - 3.8). Incubation performed
in 0.1M sodium acetate buﬀer at pH 4.8 and 45 ◦C.
the lower yield could be readily attributed to cellobiose inhibition. However, even
though the model did not account for product inhibition, it was suitable to predict
the correct trends for varying EG I/CBH I ratios, which is the key information
needed for cellulase mixture optimization. The beneﬁt of a high endo-β-glucanase
fraction reported here agreed well with the general formalism reported earlier,
proposing that a higher endo-β-glucanase fraction is beneﬁcial for substrates with
large available surface area and high degree of polymerization as generated by
ionic liquid pretreatment (Levine et al., 2011).
Finally, based on the results of Fig. 3.5, the cellulose hydrolysis was performed
with an optimized cellulase mixture of 60% endo-β-glucanase I and 40% cellobiohy-
drolase I. In this experiment 0.1 g/L β-glucosidase was added, as in the hydrolysis
experiments in sections 3.3.2 and 3.3.3. The experimental results and model
predictions for hydrolysis in buﬀer and in 10% (v/v) MMIM DMP are shown in
Fig. 3.6. The model parameters used were the same as determined earlier and
listed in Tab. 3.2 and 3.3, and were not ﬁtted in particular to this experiment.
The experimental and the model results for the hydrolysis with the optimized
cellulase mixture in Fig. 3.6 show very good agreement for both buﬀer and
10% (v/v) MMIM DMP. In particular the glucose yield after 48 h in the experiment
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Figure 3.6: Conversion of 10 g/L regenerated α-cellulose with 0.5 g/L cellulases (40%
CBH I and 60% EG I) and 0.1 g/L BG in buﬀer and with 10% (v/v)
MMIM DMP. Points are experimental values, and lines are model results.
Incubation performed in 0.1M sodium acetate buﬀer at pH 4.8 and 45 ◦C.
and model were identical, supporting the theory that the deviation between model
and experimental data in Fig. 3.5 were due to inhibition eﬀects. The success of
the mixture optimization becomes apparent by comparing the results of initial
reaction rate and yield for the two EG I/CBH I ratios of 20/80 and 60/40 in
table 3.4.
Table 3.4: Summary of cellulase activity and yield for two selected cellulase mixtures.
Cellulase mixture Initial reaction rate Yield at 48 h
[g/L/h] [%]
sodium 10% (v/v) sodium 10% (v/v)
acetate buﬀer MMIM DMP acetate buﬀer MMIM DMP
20% EG I, 80% CBH Ia 1.86 0.65 89.4 59.1
60% EG I, 40% CBH Ib 2.59 0.97 92.5 69.2
acorresponding to the dataset of Fig. 3.4
bcorresponding to the dataset of Fig. 3.6
In buﬀer the initial reaction rate was increased by 39% and the yield by 3
percentage points. The eﬀect was even stronger in 10% (v/v) MMIM DMP with
an increase in initial reaction rate by 49% and a 10% point sugar yield increase.
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Obviously, an optimized cellulase mixture was highly beneﬁcial for the hydrolysis
of regenerated cellulose with residual ionic liquid.
3.4 Summary of key ﬁndings
The enzymatic hydrolysis of regenerated cellulose was optimized by model-based
cellulase mixture adaptation in presence of residual ionic liquid. First, the
inﬂuence on the activity and stability of the puriﬁed cellulases endo-β-glucanase I,
cellobiohydrolase I, and β-glucosidase were characterized. All cellulases showed
declining activity while retaining suﬃcient stability in 10% (v/v) MMIM DMP.
The eﬀect of the ionic liquid on β-glucosidase was the strongest and therefore
an increased β-glucosidase fraction was recommended in the presence of residual
ionic liquid.
The cellulose conversion was modeled using a semi-empiric cellulase loading-
dependent cellulase model. The model was able to correctly describe the cellulose
hydrolysis with individual cellulases and with cellulase mixtures. Synergism had
to be considered for the cellulose hydrolysis using cellulase mixtures. The model
was then used to successfully optimize the cellulase mixture in presence of residual
ionic liquid. For the hydrolysis of regenerated cellulose in the presence of 10% (v/v)
MMIM DMP an increased endo-β-glucanase fraction of 60% led to a twice as fast
reaction rate and a yield increase by 10% points.
Therefore, it was illustrated that a semi-empiric model with merely 7 parameters
was suitable to perform a two cellulase mixture optimization for the hydrolysis of
regenerated cellulose containing residual ionic liquid. The experimental system
modeled here, with only 3 enzymes and pure cellulose holds promise to account for
real lignocellulose hydrolysis, by including the eﬀect of lignin and hemicellulose.
Based on the ﬁndings in this chapter the steps to transfer this optimization
approach to other substrates and pretreatments can be summarized: (1) the eﬀect
of ionic liquid on the activity and stability of the individual cellulases has to be
determined and (2) progress curves with the respective substrate and individual
cellulases have to be measured in buﬀer. Additionally, (3) synergism between
the individual enzymes has to be identiﬁed. Future reﬁnement can than include
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further enzyme activities and it is highly desirable to obtain engineered cellulases
with higher ionic liquid tolerance to further improve the hydrolysis yield.
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4 Homogeneous enzymatic cellulose
hydrolysis
4.1 The challenge to ﬁnd suitable cellulases for
the ionic liquid system
The reaction system characterized and optimized in chapter 2 and 3 remained
a heterogeneous system with undissolved cellulose. Therefore, a binding to the
surface and subsequent hydrolysis is required by the cellulases. Particle properties
and potential mass transfer limitations can also limit the eﬃciency. Additionally,
sequential dissolution, regeneration, wash step, and hydrolysis requires multiple
unit operations and thereby increases the complexity of a ionic liquid assisted
bioreﬁnery process.
These limitations can be overcome by homogeneous enzymatic cellulose hydrolysis
as proposed in Fig. 1.3. This integrated process combines the dissolution of
cellulose in ionic liquid and the enzymatic hydrolysis of this dissolved cellulose
directly in the ionic liquid in one pot. Thereby, all cellulose chains are accessible
to the cellulases and the binding step of the cellulases to the surface is eliminated.
For such a homogeneous reaction the cellulases have to be active on dissolved
cellulose at ionic liquid concentrations above 80-90% (v/v). Until now, no cellulases
were found to be active at such high ionic liquid concentrations (Turner et al.,
2003). The activity of all commercial cellulases quickly drops with increasing ionic
liquid concentration as illustrated in chapter 2 and 3. Also new cellulases from
metagenome screening or extremophile origin did not show any activity at more
than 50% (v/v) ionic liquid, which is needed for cellulose dissolution (Pottkämper
et al., 2009; Datta et al., 2010).
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Extremophilic organisms are a very promising source for new cellulolytic en-
zymes that are active under the harsh reaction conditions of high ionic liquid
concentrations (Unsworth et al., 2007; Turner et al., 2007; Blumer-Schuette et al.,
2008). A well studied extremophile organism is the thermoacidophilic Archaeon
Sulfolobus solfataricus that was isolated from volcanic hot springs and grows
optimally at approximately 80 ◦C and pH 2-4. The genome was sequenced and
three genes encoding for extracellular endo-β-glucanases were identiﬁed (She et
al., 2001; Limauro et al., 2001; Huang et al., 2005).
The sso1354 gene from S. solfataricus encodes an endo-β-glucanase and can be
heterologously expressed in the eucaryotic host Kluyveromyces lactis. This yeast
is suitable due to the compatible secretion and post-translational modiﬁcation
apparatus (Bergquist et al., 2004; Ooyen et al., 2006; Girfoglio, 2008). In contrast
to the well studied T. reesei cellulases, the Sso1354 endo-β-glucanase (ssoEG)
does not have a cellulose binding motif. Therefore, it is only able to hydrolyze
dissolved carbohydrate substrates (Girfoglio, 2008).
In this chapter, the new ssoEG from S. solfataricus was quantitatively charac-
terized. First, the cellulase was studied in an aqueous reference system with the
artiﬁcial water soluble substrate carboxymethylcellulose (CMC). The temperature
dependency and the storage stability of the cellulase was measured. Furthermore,
the endo-β-glucanase was tested for product inhibition by glucose and cellobiose,
and progress curves were determined. Afterwards, the endo-β-glucanase was
characterized for activity on dissolved cellulose at high ionic liquid concentrations
> 80% (v/v) ionic liquid. Since this is a new reaction system, two independent
measurement techniques addressing product formation and viscosity were devel-
oped and validated. Finally, the endo-β-glucanase activity was measured with
cellulose and lignocellulose substrate in the three diﬀerent ionic liquids EMIM Ac,
MMIM DMP, and EMIM DEP.
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4.2 Material and methods
Materials
For analysis of the endo-β-glucanase in buﬀer, carboxymethylcellulose (CMC)
(Sigma, Hamburg, Germany) was used. For the characterization with dissolved
cellulose in ionic liquid, the diﬀerent cellulose types Avicel PH101, α-cellulose,
and Sigmacell 101 were applied (Sigma, Hamburg, Germany).
The three ionic liquids 1-ethyl-3-methylimidazolium acetate (EMIM Ac) (BASF,
Ludwigshafen), 1-ethyl-3-methylimidazolium diethylphosphate (EMIM DEP)
(Merck, Darmstadt), and 1,3-dimethylimidazolium dimethylphosphate (MMIM DMP)
(Merck, Darmstadt) were used without further treatment (see Fig. 1.1).
The ssoEG from the extremophile Archaeon Sulfolobus solfataricus was recombi-
nantly expressed in the yeast Kluyveromyces lactis strain GG799 with pKLAC1
vector (New England BioLabs, USA), containing the endo-β-glucanase gene
sso1354 with a galactose promotor (Girfoglio, 2008).
Endo-β-glucanase production and puriﬁcation
The ssoEG was expressed in batch cultivation in 1 L shake ﬂask at 300 rpm, 5 cm
shaking diameter with 200mL ﬁlling volume of YEP medium with 20 g/L yeast
extract, 40 g/L peptone, and 20 g/l galactose. The endo-β-glucanase was secreted
to the medium. The culture was incubated at 30 ◦C for 6 h after inoculation and
than the temperature was reduced to 23 ◦C for the remaining cultivation time to
avoid oxygen limitation. The total cultivation time was 117 h and after 69 and
93 h additional 10mL galactose solution with a concentration of 400 g/L were
added.
After incubation the cells were separated by centrifugation for 10min at 2831 g,
4 ◦C and afterwards the supernatant was ﬁltered with a 0.2μm cellulose acetate
ﬁlter. The ﬁltered supernatant was concentrated 20 fold by a Vivaﬂow 50 polysul-
fone (PES) membrane with cutoﬀ 105 Da (Sartorius Stedim Biotech, Göttingen,
Germany). The concentrate was further puriﬁed by precipitation with 90% (w/w)
saturation ammonium sulfate, resulting in a precipitation of impurities while
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the Sso1354 endo-β-glucanase remained in solution. The supernatant was ﬁnally
rebuﬀered with 0.1M sodium acetate buﬀer pH 4.8 and concentrated using Vi-
vaﬂow 50 modules. The ﬁnal protein concentration was determined by Bradford
assay according to manufacturer protocol (Thermo Scientiﬁc, Waltham, MA,
USA). The protein concentration of the puriﬁed endo-β-glucanase was 1.8 g/L.
The puriﬁed endo-β-glucanase was stored at −20 ◦C.
For stability investigation and wood hydrolysis experiments, the S. solfataricus
endo-β-glucanase was expressed from a codon optimized gene (opt7 sso1354) in
K. lactis. This opt7 Sso 1354 endo-β-glucanase allowed an improved protein
production and higher cellulase loadings.
Endo-β-glucanase characterization in buﬀer
ssoEG was characterized in buﬀer with 0.1M sodium acetate pH 4.8 using 5 g/L
CMC and 10% (v/v) cellulase solution unless otherwise speciﬁed. The reaction
was performed in 2mL Eppendorf test tubes in a thermo mixer MHR23 (HLC
Biotech, Bovenden, Germany) shaking with 1200 rpm at 60-80 ◦C for 30min
unless otherwise speciﬁed. The reaction was stopped by transferring the samples
on an ice bath. Assay controls with buﬀer/cellulase and buﬀer/substrate were
always incubated in parallel and treated identically. Additionally, an assay control
containing buﬀer/substrate/cellulase with incubation time t = 0 min was directly
transferred on an ice bath.The sugar formation was measured by p-hydroxybenzoic
acid hydrazide assay (PAHBAH) (Lever, 1972; Hansen and Jensen, 1993).
For the PAHBAH assay the working reagent was prepared by mixing reagent A
(5 g p-hydroxy benzoic acid hydrazide, 5mL HCl (37%) ad 100mL with water)
and reagent B (12.45 g trisodium citrate, 1.1 g CaCl, 20 g NaOH ad 1L with
water) in a ratio of 1:9. 100μL sample and 200μL working reagent were mixed
and incubated at 100 ◦C for 10min. After cooling the samples to room tempera-
ture, the absorbance was measured at 410 nm in a microplate reader Synergy 4
(Biotek, Winooski, VT, USA). The sample concentration was calculated based on
calibration with 0.01-0.25 g/L glucose.
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Endo-β-glucanase incubation with ionic liquids
The experiments with the ssoEG and dissolved cellulose were typically performed
in 90% (v/v) ionic liquid with 5 g/L cellulose and 10% (v/v) cellulase solution
at 60-80 ◦C unless otherwise speciﬁed. The cellulose was ﬁrst dissolved at 100 ◦C
in a thermo mixer MHR23 for 25 min in ionic liquid until a clear solution was
formed. The dissolved cellulose was then aliquoted in 3 Eppendorf reaction tubes
at 60-80 ◦C for incubation in triplicates. The cellulase solution was added to
the Eppendorf reaction tubes and was well mixed to start the reaction. It was
crucial that the cellulase solution was added carefully so that the cellulose did
not precipitate during the water addition. Samples were then taken from the
Eppendorf reaction tubes for sugar and viscosity measurements at diﬀerent time
points. Assay controls were incubated identically but 0.1M sodium acetate buﬀer
was added instead of cellulase solution.
To quench the reaction for sugar analysis it was suﬃcient to keep the samples
at room temperature. Prior to sugar analysis, the sugars were extracted from
the ionic liquid with 2.4M potassium phosphate in a ratio of 1:2 (Gutowski et
al., 2003; Wu et al., 2008). The extraction resulted in a three phase system
with an upper ionic liquid-rich phase, a lower phase containing mainly potassium
phosphate with soluble sugars and the precipitated cellulose in between the two
liquid phases. The lower liquid phase was used for soluble sugar measurement by
PAHBAH assay.
The samples for viscosity measurement had to be analyzed immediately after
sampling without quenching the reaction to avoid any cellulose precipitation that
would signiﬁcantly interfere with the viscosity measurement. The viscosity was
measured in a Physica MCR 301 Rheometer (Anton Paar, Graz, Austria) in
cone plate mode (Cone CP 50-0.5/PT, diameter 49.945mm, cone angle 0.467◦,
truncation 54μm) at the reaction temperature. 250-300μl sample were analyzed
from 3000-1 s−1 with 22 measurement points, each for a logarithmic time period of
10-30 seconds. The dissolved cellulose showed a shear thinning behavior (Gericke
et al., 2009; Chen et al., 2009). For analysis the viscosity values at a shear rate of
97 s−1 were compared.
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Endo-β-glucanase stability in ionic liquid
For the stability investigation the opt7 ssoEG was stored in 80% (v/v) EMIM Ac
at 80 ◦C for various time periods and activity was then calculated based on the
slope of the viscosity decrease over 6 h after the addition of equal volume of
10 g/L dissolved α-cellulose in EMIM Ac. The activity after storage was therefore
measured at 80 ◦C with 5 g/L cellulase in 90% (v/v) EMIM Ac with 0.45 g/L
endo-β-glucanase.
Dissolved wood hydrolysis
The wood was ﬁrst dissolved in pure EMIM Ac for 24 h at 115 ◦C and afterwards
the undissolved residual was removed by centrifugation. The supernatant con-
taining the dissolved wood was incubated at 80% (v/v) EMIM Ac with 0.9 g/L
endo-β-glucanase from the codon optimized expression in triplicates for 6 h. The
assay controls were incubated in parallel with buﬀer instead of cellulase solution.
Samples for viscosity measurement were taken at diﬀerent times.
4.3 Results and discussion
The Sso1654 endo-β-glucanase from Sulfolobus solfataricus is a new cellulase that
has not been fully characterized until now (Girfoglio, 2008). Consequently, in this
chapter the cellulase was ﬁrst characterized in detail in aqueous solution. Since the
cellulase does not have a carbon binding module it was not active on undissolved
cellulose, and the characterization in buﬀer had to be performed with the artiﬁcial
water-soluble cellulose substrate CMC (section 4.3.1). Secondly, the cellulase
was characterized for activity on dissolved cellulose with high concentrations of
ionic liquid. For this solvent system new analytical techniques for sugar and
polymer analysis were ﬁrst validated and subsequently applied to characterize the
homogeneous cellulose hydrolysis (section 4.3.2).
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4.3.1 Characterization in aqueous solution
To determine the best condition for cellulose hydrolysis with ssoEG, progress
curves for the conversion of CMC were measured. Incubations at 60 and 80 ◦C
were chosen as this was the range of expected optimal cellulase activity for the
extremophile cellulase according to earlier studies (Girfoglio, 2008). The kinetic
measurements could provide a ﬁrst assessment of the best activity and temperature
conditions of the endo-β-glucanase. The resulting CMC progress curves for 8 h
incubation are given in Fig. 4.1.
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Figure 4.1: Conversion of CMC over time by ssoEG in aqueous solution. Sugar forma-
tion in 0.1M sodium acetate buﬀer pH 4.8 was measured by the PAHBAH
assay. Incubation performed with 5 g/L CMC, 0.18 g/L endo-β-glucanase
at 60 ◦C and 80 ◦C.
The results show that the ssoEG was active at 60 ◦C and 80 ◦C. The conversion
at 80 ◦C was initially twice as fast as at 60 ◦C due to the higher temperature. The
reaction rate started to decline signiﬁcantly after 120 min and a maximum soluble
sugar concentration of 0.27 g/L was reached after 480min at 80 ◦C. The ﬁnal sugar
concentration was relatively low compared to 5 g/L CMC substrate concentration
used in the experiments but it was in good agreement with CMC conversion with
other cellulases from T. reesei or T. viride where only about 10% conversion were
achieved (Ortega et al., 2001; Yoshimoto et al., 2006). A possible explanation
for the low conversion can be that CMC, with a degree of substitution between
0.6 and 0.95 according to manufacturer information, is not a natural cellulase
substrate and the glycosidic bonds are less accessible due to the carboxymethyl
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substitutions (Sharrock, 1988). Furthermore, the calibration for the PAHBAH
assay was performed with glucose and not with the CMC monomers released
from the substrate, and it is not known how the CMC monomers contribute
to the PAHBAH signal compared to glucose. In conclusion, CMC is not the
ideal substrate for cellulase characterization but it was suitable for initial rate
experiments and was used for further characterization in aqueous solution due to
the lack of other water-soluble alternatives. Based on the results in Fig. 4.1 an
incubation time of 30 min was chosen to calculate cellulase activities from the
linear range of the progress curves.
Fig. 4.1 already indicated that the extremophile ssoEG was active at temperatures
> 60 ◦C. To determine the optimal temperature range of endo-β-glucanase, the
initial reaction rates were measured at 50-95 ◦C. The results are depicted in
Fig. 4.2.
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Figure 4.2: Temperature dependency of ssoEG in aqueous solution. Activity measure-
ments were performed in 0.1M sodium acetate buﬀer pH 4.8 using 5 g/L
CMC and 0.18 g/L endo-β-glucanase. Sugar formation measured using
PAHBAH assay after 30min incubation. Error bars represent maximum
and minimum value of duplicates.
The ssoEG activities in Fig. 4.2 increased with increasing temperature up to an
apparent highest activity measured at 90 ◦C. At temperatures above 90 ◦C the
activity declined, indicating a very strong cellulase inactivation even within the
short 30min incubation time. Of course, even at lower temperatures of 80-90 ◦C
an inactivation during the incubation time had to be considered. Therefore, to
characterize the ssoEG inactivation, the storage stability under process conditions,
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i.e. in 0.1M sodium acetate buﬀer without substrate was observed over 8 days at
diﬀerent temperature between 60-95 ◦C. The activity was measured for 30min
at 80 ◦C after incubation at the respective temperature and time period. The
residual activity measured at diﬀerent time points during the incubation is shown
in Fig. 4.3.
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Figure 4.3: Stability of ssoEG in aqueous solution. Endo-β-glucanase residual activity
was measured for 30min at 80 ◦C after incubation for the denoted time
and temperature. Activity measurement was performed in 0.1M sodium
acetate buﬀer at pH 4.8 using 5 g/L CMC and 0.18 g/L endo-β-glucanase.
As shown by the residual activities in Fig. 4.3 at 60 ◦C and 80 ◦C, the ssoEG
retained good stability over the incubation time. After 192 h (8 days) ssoEG had
a residual activity of 69% and 42% at 60 ◦C and 80 ◦C, respectively. At higher
temperatures the residual activity dropped much faster to less than 20% after
only 3 h. These results showed the strong underlying inactivation for the cellulase
above 80 ◦C, which is also inherent in the temperature proﬁle in Fig. 4.2. From the
measurements in Fig. 4.3 the ssoEG inactivation rate parameters were estimated.
A ﬁrst order inactivation was not applicable. Therefore, a two stage inactivation
model with three parameters was used to describe the inactivation and determine
the inactivation rate constants according to equation 3.2 (Ayamard and Belarbi,
2000). The resulting inactivation rate parameters are listed in Tab. 4.1.
The parameter values in Tab. 4.1 further conﬁrmed the good stability at 60 ◦C
and 80 ◦C with half-life times of about 460 and 140 hours at 60 ◦C and 80 ◦C,
respectively. At temperatures of 90 and 95 ◦C ssoEG inactivated rapidly and
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Table 4.1: Inactivation parameters for ssoEG.a
parameter 60 ◦C 80 ◦C 90 ◦C 95 ◦C
ki,1 [h
−1] 0.001± 0.0003 0.003± 0.0005 − −
ki,2 [h
−1] 1.15± 0.55 1.2± 0.59 1.28± 0.21 2.41± 0.16
B [−] 0.15± 0.02 0.21± 0.03 0.87± 0.05 1
a values estimated from the experimental data in Fig. 4.3.
Errors represent the standard deviations of the estimated parameters.
therefore, temperatures above 80 ◦C were not recommended for longer incubation
experiments. 80 ◦C was chosen for the following experiments because this pro-
vided the best compromise of good activity with satisfactory cellulase stability.
Furthermore, the investigation of temperature inﬂuence and stability showed that
the declining reaction rate and activity in Fig. 4.1 was only partially caused by
cellulase inactivation.
Product inhibition is of great importance when working with cellulases. Glucose
and cellobiose are well known inhibitors for cellulases (Holtzapple et al., 1990). For
ssoEG no information about product inhibition is available until now. Prior to the
investigation of glucose and cellobiose inhibition, it was conﬁrmed that cellobiose
was not a substrate for the ssoEG and that glucose and cellobiose contributed
with identical molar signals in the PAHBAH assay. This assured that the addition
of cellobiose to the reaction did neither cause cellobiose hydrolysis nor result in
errors during soluble sugar measurement. Inhibition of glucose was tested up
to a concentration of 5.5mM and cellobiose up to 11.1mM, which exceeded the
maximum sugar concentration reached in the CMC conversion experiment in
Fig. 4.1 by 4-10 fold.
In the inhibition experiments with glucose no inhibition was observed up to a
concentration of 5.5mM glucose and therefore product inhibition by glucose was
excluded. The Michaelis-Menten diagram for ssoEG and with varying concentra-
tions of the inhibitor cellobiose in Fig. 4.4 clearly shows that the ssoEG reaction
rate was reduced with increasing cellobiose concentration. Consequently, ssoEG
was inhibited by the product cellobiose. To determine the type of inhibition, the
inhibition parameters of the diﬀerent inhibition models (competitive, uncompeti-
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tive, non-competitive and mixed inhibition) were determined and compared in
Tab. 4.2.
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Figure 4.4: Michaelis-Menten kinetic and cellobiose inhibition of Sso1354
endo-β-glucanase. Activities were measured in 0.1M sodium ac-
etate buﬀer pH 4.8 at 80 ◦C using 0.18 g/L endo-β-glucanase. Sugar
formation was measured using PAHBAH assay after 30min incubation.
Error bars represent standard deviation of triplicates.
Table 4.2: Michaelis-Menten under inhibition parameters for cellobiose of ssoEG.a
inhibition type parameter value rel. error [%] SSE [10−5]
none vmax [μmol/min/mL] 0.064± 0.003 4.7 7.2
Km [g/L] 7.7± 1 13.0 7.2
competitive Ki [mM] 10.6± 2.2 20.8 141.2
uncompetitive K ′i [mM] 15.3± 2.9 19.0 119.1
non-competitive Ki = K ′i [mM] 25.3± 4.6 18.2 116.0
mixed Ki [mM] 40.1± 52.1 130.0 114.8
K ′i [mM] 20.2± 9.6 47.5 114.8
a values estimated from the experimental data in Fig. 4.4.
Errors represent the standard deviations of the estimated parameters.
The Michaelis-Menten parameter without inhibition in Tab. 4.2 could be de-
termined with good accuracy. The errors for the inhibition parameters of all
models were signiﬁcantly larger around 20%. In particular, mixed inhibition
resulted in large relative errors. The lowest residual sum of squares was obtained
for non-competitive inhibition and was therefore the most likely inhibition type.
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However, it has to be pointed out that the residual sum of squares for all tested
inhibition types was very similar and therefore, one deﬁnite inhibition type could
not be identiﬁed based on the experiments in Fig. 4.4. This was likely due to
the magnitude of the inhibition parameters around 10-25mM which were higher
than the applied cellobiose concentration of 11.1mM. To determine the correct
inhibition type a signiﬁcantly higher cellobiose concentration would have to be
used. An even higher cellobiose concentration on the other hand would result
in impractically high cellobiose concentrations, that would signiﬁcantly exceed
the amounts of sugars formed during hydrolysis. Compared to other inhibition
constants reported, e.g. competitive inhibition for endo-β-glucanase from T. reesei
of 0.01mM (Levine et al., 2010), the estimated value of 25mM was signiﬁcantly
higher. Therefore, it can be concluded that for the measurement in Fig. 4.1
product inhibition did not play a signiﬁcant role.
In summary, the detailed investigation of the ssoEG in aqueous solution showed
that the cellulase had a very high temperature tolerance and can hydrolyze
dissolved cellulose at 80 ◦C. Furthermore, inhibition by cellobiose was found, but
the inhibition was signiﬁcantly lower than for other cellulases. Based on these
results it was possible to extend the study from the aqueous system and measure
endo-β-glucanase activity in a system with homogeneously dissolved underivatized
cellulose from lignocellulose origin at high concentrations of ionic liquid.
4.3.2 Activity measurements for dissolved cellulose with
ionic liquids
For detecting cellulase activities in a reaction system with homogeneously dissolved
cellulose and >80% (v/v) ionic liquid, it was not possible to use the measurement
techniques routinely used in aqueous solution. Consequently, existing analytical
techniques had to be adapted and new suitable measurements had to be identiﬁed.
Since this was a new reaction system and only low enzymatic cellulase activity
was expected, two approaches were investigated for reliable activity measure-
ment. Thus, the PAHBAH soluble sugar assay was combined with a liquid-liquid
extraction step to compensate for background absorbance by the ionic liquid.
Additionally, the reduction in cellulose polymer length during hydrolysis was
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analyzed by viscosity measurements. Prior to measuring cellulase activity, the
newly developed analytical techniques were validated to assure their suitability
for the homogeneous cellulose/ionic liquid system.
Validation of analytical techniques
The sugar measurement for samples with > 80% (v/v) ionic liquid was validated
with a series of calibration measurements. The calibrations in buﬀer were compared
with measurements in 90% (v/v) ionic liquid, both without prior extraction and
after extraction with potassium phosphate. Additionally, the eﬀect of cellulose
remaining in the system was investigated. The calibration curves for the three
ionic liquids EMIM Ac, EMIM DEP and MMIM DMP are shown in Fig. 4.5.
The calibration in 90% (v/v) ionic liquid showed that a direct sugar quantiﬁcation
using PAHBAH reagent in the ionic liquids was possible for all three tested
ionic liquids. However, it was apparent that the background absorbance of 2AU
was very high, resulting in a 54-87% lower resolution. The lowest resolution
was observed for EMIM Ac (Fig. 4.5A) because EMIM Ac had the strongest
absorbance at 410 nm of all tested ionic liquids. The calibration after extraction
with potassium phosphate could reduce the background absorbance by half and
increased resolution 0.5-4 fold at the same time. Nonetheless, the resolution after
extraction was still about 30% lower than for the aqueous system. Furthermore,
after extraction, the correlation was no longer linear and had to be ﬁtted with a
2nd order polynomial.
The substrate controls (open symbols), which contained cellulose (0.05, 0.1,
0.2, and 0.3 g/L, glucose and additional 5 g/L α-cellulose), agreed well with the
corresponding calibration in ionic liquid and after extraction. However, cellulose
samples measured directly in 90% (v/v) ionic liquids slightly overestimated the
glucose concentrations, which was likely due to the presence of reducing ends
from the polymers during the PAHBAH reaction. On the contrary, the sugar
concentrations were slightly underestimated after potassium phosphate extraction,
possibly caused by the resulting third solid phase that caused incomplete transfer
of the sugars from the ionic liquid-rich to the potassium phosphate-rich phase. In
summary, the deviation of less than 5-12% between the controls containing cellulose
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Figure 4.5: PAHBAH calibration curves in buﬀer (diamonds), 90% (v/v) (A)EMIM Ac,
(B), EMIM DEP, (C) MMIM DMP (triangles) and after potassium phos-
phate extraction (circles) compared with calibration in 0.1M sodium acetate
buﬀer pH 4.8. Open symbols contained additional 5 g/L α-cellulose.
and the glucose standards was acceptable. Therefore, the sugar measurement in
68
Chapter 4. Homogeneous enzymatic cellulose hydrolysis
the ionic liquid system was deemed suitable with preceding potassium phosphate
extraction due to the better resolution.
To validate whether it was feasible to follow cellulase polymer degradation by
viscosity measurements, the viscosity of dissolved glucose and the two cellulose
types Avicel and α-cellulose was measured in 90% (v/v) EMIM Ac at 80 ◦C.
Furthermore, it was assessed whether a change in viscosity was observable after
incubation of dissolved cellulose with the endo-β-glucanase from S. solfataricus.
The correlation of degree of polymerization (see chapter 6) and viscosity is given
in Fig. 4.6.
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Figure 4.6: Correlation of cellulose degree of polymerization (DP) and viscosity. Lines
and squares show the viscosity measured with 10 g/L α-cellulose or Avicel
dissolved in 90% (v/v) EMIM Ac at 80 ◦C at a shear rate of 97 s−1. Red
diamond shows the viscosity after incubation of dissolved α-cellulose with
0.5 g/L ssoEG for 6 h. Blue dots show the viscosity of 90% (v/v) EMIM Ac
at 80 ◦C without cellulose.
The results in Fig. 4.6 clearly illustrate that the viscosity increased with the
degree of polymerization. Compared to the viscosity of 10mPa s at 80 ◦C for
pure ionic liquid, the viscosity with 10 g/L dissolved α-cellulose increased to
197mPa s. At chain lengths above 200 glycoside molecules, the viscosity increase
deviated signiﬁcantly from linearity. Therefore, the viscosity measurement was
most sensitive towards changes in long cellulose polymers. The incubation of
dissolved α-cellulose with ssoEG showed a viscosity decrease by 15% after 6 h
thereby providing ﬁrst indication that the cellulase was active in nearly pure
ionic liquids and illustrating that viscosity measurement was suitable to measure
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cellulase activity in these media. Based on sugar and viscosity measurements it
was therefore possible to perform a detailed comparative and quantitative analysis
of the cellulase activity.
Cellulase activity measurements
The activity of the ssoEG over 7 h on dissolved α-cellulose in three diﬀerent ionic
liquids EMIM Ac, EMIM DEP, and MMIM DMP was evaluated using soluble
sugar formation, measured by the PAHBAH assay after extraction with potassium
phosphate and by a decrease in viscosity. The results are summarized in Fig. 4.7.
The sugar amount in Fig. 4.7 increased steadily up to 0.04-0.08 g/L. The assay
controls showed almost no sugars formation without endo-β-glucanase, thereby
conﬁrming that the sugars were produced due to the enzymatic activity. However,
the overall sugar formation was very low with yields below 1% in all cases,
indicating a very low endo-β-glucanase activity in 80-90% (v/v) ionic liquid. A
possible reason for the low endo-β-glucanase activity was that the endo-catalytic
action of the cellulase did primarily result in water-insoluble sugar polymers befor
soluble sugar formation. Therefore, analyzing the cellulose polymer might provide
a more adequate picture of the cellulolytic activity.
The degradation of the cellulose polymer was measured by viscosity decrease
(Fig. 4.7). The viscosity of the samples decreased from initial 36.6, 110.8, and
81.7mPa s for EMIM Ac, EMIM DEP, and MMIM DMP, respectively. The initial
viscosity of the assay controls without endo-β-glucanase were lower with 23.7,
67.2, and 54.6mPa s for EMIM Ac, EMIM DEP, and MMIM DMP, respectively.
Most probably the reason for the higher initial viscosity of the samples containing
endo-β-glucanase was the presence of the protein polymer in the reaction system
that contributed to the overall viscosity. The viscosity decreased for the samples
as well as the assay controls, indicating cellulose degradation. For EMIM Ac
(Fig. 4.7B) the viscosity decrease of the assay controls was minor due to the
incubation of all samples at 60 ◦C instead of 80 ◦C. Experiments performed
with EMIM Ac at 80 ◦C showed viscosity decrease by 15% in the assay controls,
indicating a temperature dependency of the cellulose degradation by EMIM Ac
(data not shown). The incubation of the MMIM DMP assay controls also resulted
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Figure 4.7: Sugar formation and viscosity decrease during incubation of 5 g/L
α-cellulose with 0.18 g/L ssoEG. Blue circles are assay controls with cellu-
lose and sodium acetate buﬀer, green triangles are samples with cellulose
and endo-β-glucanase and red diamonds are signals corrected by assay
controls. Error bars represent standard deviation of triplicate measure-
ments. Sugar formation at 60 ◦C in 80% (v/v) EMIM Ac (A) and viscosity
decrease at 60 ◦C in 80% (v/v) EMIM Ac (B); Sugar formation at 80 ◦C in
90 % (v/v) EMIM DEP (C) and MMIM DMP (E); Viscosity decrease at
80 ◦C in 90% (v/v) EMIM DEP (D) and MMIM DMP (F).
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in a noticeable viscosity decrease by 5%, whereas the viscosity drop in the
EMIM DEP assay controls was only 2%. The results of samples and assay controls
for this reaction system clearly emphasized the great importance of parallel
incubation and carefully chosen assay controls to prevent false interpretation of
the viscosity signals. Consequently, the viscosity decrease exclusively caused by
ssoEG catalyzed cellulose degradation was calculated and plotted as red diamonds
in Fig. 4.7.
From the slopes of sugar formation corrected by assay controls and viscosity
decrease it was possible to quantify and compare the activity of ssoEG in the three
diﬀerent ionic liquids. The viscosity-based activity was expressed as viscosity
decrease per minute and g/mL of protein. The calculated activities from the
two independent measurement techniques in the three diﬀerent ionic liquids are
provided in Fig. 4.8.
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Figure 4.8: Comparison of (A) sugar and (B) viscosity based ssoEG activity in 80-
90% (v/v) of diﬀerent ionic liquids. Activity was calculated from the slopes
of the assay control-corrected sugar and viscosity signals in Fig. 4.7 using
5 g/L α-cellulose with 0.18 g/L endo-β-glucanase.
Fig. 4.8 clearly showed that ssoEG was active in all three tested ionic liquids,
conﬁrmed by the two independent, but complementary measurement techniques.
The highest activity was measured in EMIM Ac, but in this ionic liquid the sugar
measurement was particularly challenging as indicated by the large error bar.
Furthermore, the viscosity-based activity in EMIM Ac showed the expected higher
activity at increased temperature. Generally, all measured activities with both
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techniques were low and in the same order of magnitude when considering the
error bars. Therefore, it was not possible to identify which of the tested ionic
liquids had the best cellulase compatibility. Further improvement of the analytical
techniques is desirable to reduce the errors. Based on the results in Fig. 4.7 and
4.8, the viscosity was more suitable to correctly capture cellulose hydrolysis by
the ssoEG. Consequently, only viscosity measurement was used in the following
experiments for further ssoEG characterization.
Endo-β-glucanase stability with EMIM Ac
For the applicability of ssoEG as catalyst for homogeneous cellulose hydrolysis
in presence of high ionic liquid concentration, the stability of the catalyst under
these harsh conditions is important. Therefore, the residual activity of the codon-
optimized opt7 ssoEG was investigated after storage under process conditions (80
◦C) in ionic liquid for up to 6 days (Fig. 4.9).
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Figure 4.9: opt7 ssoEG stability in 90% (v/v) EMIM Ac. 0.9 g/L opt7 ssoEG stored
in 90% (v/v) EMIM Ac at 80 ◦C for deﬁned incubation time. opt7 ssoEG
activity measurement perforemd by addition of equal amounts of 10 g/L
dissolved α-cellulose in EMIM Ac based on slope of viscosity decrease over
6 h.
During the storage in 80% (v/v) EMIM Ac (Fig. 4.9) opt7 ssoEG retained a
very good activity. Within the ﬁrst 3 days the activity even increased slightly.
However, this has to be considered as approximately constant enzymatic activity
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within the accuracy of the measurement technique. After 6 days of storage, opt7
ssoEG retained almost 50% of its initial activity.
Furthermore, it was striking that the viscosity-based activity values calculated were
4-5 fold higher compared to earlier determined activity values in Fig. 4.8. This was
likely due to the fact that opt7 ssoEG was expressed from the codon-optimized gene
variant. This allowed higher cellulase loadings, but more importantly, it apparently
also resulted in a higher speciﬁc activity of the opt7 Sso1354 endo-β-glucanase.
The higher speciﬁc activity could be due to better folding during expression
in the codon-optimized strain. This higher activity is very encouraging for
further cellulase optimization because the activity was signiﬁcantly increased even
though the amino acid sequence was not modiﬁed. In conclusion, this stability
investigation of opt7 ssoEG not only could provide an additional very good ﬁrst
proof that the cellulase was stable enough for cellulose hydrolysis in > 80% (v/v)
ionic liquid but also showed that the opt7 ssoEG was more active.
Hydrolysis of dissolved wood
Finally, after successful characterization the dissolved cellulose hydrolysis, the
goal was to hydrolyze dissolved wood with the opt7 ssoEG. The viscosity based
activity was measured with dissolved beechwood in EMIM Ac. The resulting
viscosity decrease for sample and assay control is shown in Fig. 4.10.
During wood hydrolysis, the viscosity decreased from 26.3mPa s by 9.4% in
Fig. 4.10. The measurement errors and the variation over hydrolysis progress
was larger than for cellulose hydrolysis (Fig. 4.7) which was likely due to the
higher complexity of the mixture containing lignin and hemicellulose besides
cellulose. Even though the same initial concentrations of wood and cellulose were
dissolved, the initial viscosity was signiﬁcantly lower. During sample preparation,
the undissolved fraction was removed by centrifugation, resulting in a lower (not
exactly known) cellulose concentration during hydrolysis. Furthermore, wood
dissolution requires an incubation at 115 ◦C for 24 h, which could cause partial
cellulose hydrolysis directly by the EMIM Ac (Mazza et al., 2009). Therefore,
neither exact cellulose concentration nor the polymer length of the cellulose
were known in this experiment, which renders a direct comparison with cellulose
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Figure 4.10: Viscosity decrease during wood hydrolysis with opt7 ssoEG. 5 g/L dis-
solved beechwood in 80% (v/v) EMIM Ac with 0.45 g/L endo-β-glucanase
at 80 ◦C.
hydrolysis in Fig. 4.8 impossible. Additionally, dissolved lignin and hemicellulose
was not separated from cellulose before hydrolysis and could hinder the access
of ssoEG to the cellulose polymer chains. Nonetheless a viscosity decrease was
clearly observed in Fig. 4.10. Based on the slope a viscosity based activity
of 12.4 ± 5.2mPa smL/min/g was calculated, indicating enzymatic activity on
dissolved wood in highly concentrated ionic liquid.
4.4 Summary of key ﬁndings
Sso1354 endo-β-glucanase from the extremophile Archaeon S. solfataricus was
comprehensively studied in this chapter. The ssoEG was ﬁrst characterized in
aqueous solutions for temperature dependency, stability, kinetics and product
inhibition. It was found that the highest activity was measured in 90 ◦C, but
60-80 ◦C are more suitable for the hydrolysis reaction because of improved stability.
Product inhibition by cellobiose was discovered which was signiﬁcantly lower than
for cellulases from T. reesei.
For activity measurement on dissolved cellulose at > 80% (v/v) ionic liquid, two
independent measurement techniques based on sugar formation and viscosity
decrease were established and validated. Using these two measurements, the
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ssoEG catalyzed hydrolysis of dissolved cellulose in three diﬀerent ionic liquids at
high concentrations was successfully demonstrated for the ﬁrst time. Additionally,
a ﬁrst stability analysis indicated that the endo-β-glucanase was suﬃciently
stable in 90% (v/v) EMIM Ac. Finally, it was shown that the cellulase not only
hydrolyzed dissolved cellulose but was also active on dissolved wood.
These new results proved for the ﬁrst time that homogeneous enzymatic cellulose
hydrolysis is possible. Nonetheless, these are only the ﬁrst steps in this ﬁeld
and future work needs to improve this homogeneous reaction. Predominantly,
the cellulase activity was very low and consequently, highly improved cellulase
variants or cellulases with higher activity from other sources have to be identiﬁed.
The presented measurement techniques could be used to support the search for
improved cellulases but currently they are not applicable in high throughput
manner and measurement error has to be reduced. Better measurements would
also allow a thorough kinetic and stability characterization of the ssoEG to
improve the yield. Additionally, measurement techniques like gel permeation
chromatography should also be developed for an in-depth quantiﬁcation of the
changes in molecular weight distribution during cellulose hydrolysis (see chapter 6)
as a basis for mechanistic modeling of cellulose hydrolysis as proposed in chapter 5.
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hydrolysis
5.1 How to model cellulose hydrolysis
Mechanistically-based mathematical modeling is a powerful tool to quantitatively
understand, predict, and eventually improve unit operations. Particularly, enzy-
matic cellulose hydrolysis requires a better fundamental insight into the complex
reaction system with a large number of inﬂuencing factors including particle
structural properties and enzyme-enzyme interaction that have to be taken into
account for at least four diﬀerent enzymatic activities (Zhang and Lynd, 2004).
A large variety of diﬀerent models and modeling approaches has been developed
over the years to describe the enzymatic cellulose hydrolysis and has been sum-
marized by Zhang et al. (2006); Bansal et al. (2009). Generally, the models
can be divided in empiric, semi-empiric and mechanistic models. The empiric
and semi-empiric models consider only certain aspects of the cellulose hydrolysis
mechanism such as cellulase adsorption. Therefore, they are only applicable within
distinct boundaries (Bansal et al., 2009). Nonetheless, they can be very useful for
certain speciﬁc applications as illustrated in chapter 3 for optimization of cellulase
mixtures with residual ionic liquids. Another advantage is that they require little
knowledge about the reaction system and have a low mathematical complexity.
Due to the complexity of the enzymatic cellulose hydrolysis, only few mechanistic
modeling approaches are published (Zhang and Lynd, 2004; Bansal et al., 2009).
A mechanistic cellulase model has to consider that the cellulases absorb to the
surface of the cellulose particle and then act based on their speciﬁcity on the
cellulose chain, i.e. the variable hydrolytic endo- or exo-activity, with a proper
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description of synergistic eﬀects (Nidetzky et al., 1994; Okazaki and Mooyoung,
1978; Peri et al., 2007). Good models additionally consider particle size (Converse
and Grethlein, 1987) and porosity (Zhou et al., 2009a,b, 2010) to yield the speciﬁc
surface area available for cellulase adsorption (Movagarnejad et al., 2000), and
they consider the degree of polymerization (DP) (Okazaki and Mooyoung, 1978;
Zhang and Lynd, 2006), and crystallinity (Gusakov et al., 1985) to match the
cellulase speciﬁcity. Most of the mentioned models consider a number of the
described aspects, but none incorporates all. A recent mechanistic model proposed
by the group of D. Clark combines all necessary aspects but still requires further
improvements, particularly to describe the correct available surface area and the
cellulase loading (Levine et al., 2010).
Until now, changes in chain length distribution, i.e. molar mass distributions,
during the hydrolysis have not been applied to describe enzymatic cellulose
hydrolysis. This modeling approach is promising in terms of mechanistically
representing the β-glycosidic bonds available for endo- or exo-acting enzymes
and thereby, eliminating the empirical terms for cellulase synergism. To correctly
account for the chain length distributions, speciﬁc modeling strategies for this
reaction are required. Population balances are suitable to incorporate the polymer
chain length distribution into mechanistic polymerization or depolymerization
models. Population balance modeling has been successfully applied for chemical
polymerization (Buback and Laemmel, 1997; Wulkow, 2008). Furthermore, the
enzymatic depolymerization of poly-(-caprolactone) by lipase in organic solvents
has been successfully described using population balances (Sivalingam et al.,
2003). Similarly, the steady-states of the microbial synthesis of polyhydroxyalka-
noate block-copolymers using Ralstonia eutropha were evaluated using population
balances (Mantzaris et al., 2002).
In this chapter the cellulose hydrolysis is modeled using population balances for
the homogeneous reaction system where cellulose is dissolved in ionic liquids.
Therefore, all particle properties that usually have to be considered for the
enzymatic reaction can be neglected. This drastically simpliﬁes the model setup
and is suitable to illustrate the applicability of population balance modeling to
correctly describe cellulose hydrolysis. First, the model is developed to describe
the homogeneous chemical cellulose hydrolysis by simple ﬁrst order reactions.
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Parameter estimation was performed using experimental data from Rinaldi et al.
(2008, 2010). Second, the modular population balance model was adapted for the
enzymatic degradation of dissolved cellulose by several cellulolytic activities. The
software PREDICI provided the environment for the modular deﬁnition of the
governing rate equations and an error-controlled simulation algorithm.
5.2 Model development
Population balance modeling is ideally suited to account for changes in the degree
of polymerization in the otherwise chemically identical species in the cellulose
polymer during homogeneous cellulose hydrolysis. The cellulose substrate is
modelled as population of cellulose polymers or enzyme-polymer complexes with
the discrete property of the speciﬁc chain length. All kinetic events, binding,
and catalytic conversion, can be expressed as ordinary diﬀerential equations
of the population of cellulose or cellulose-enzyme complex, resulting in a very
large number of countable ordinary diﬀerential equations (CODE) (Wulkow,
1996). An eﬃcient solution algorithm for such problems is the Galerkin h-p ﬁnite
elements method which is realized in the software PREDICI version 6.87.3. (CIT
Wulkow, Rastede, Germany). The software allows a modular set-up of diﬀerent
kinetic models. The solution algorithm is error-controlled, based on Chebychev
polynomials and facilitates both simulation and parameter estimation (Wulkow,
2008).
Chemical hydrolysis model
During chemical hydrolysis, the shortening of cellulose chains Cs with a length s
occurs statistically, releasing cellulose chains Cr and Cs−r. The probability of the
catalytic event increases with cellulose chain length s due to the larger amounts
of available hydrolysable glycosidic bonds. This is accounted for in chemical
hydrolysis by multiplication of the rate constant k with either s or s2. The
hydrolysis was assumed to follow a ﬁrst oder reaction according to eq. 5.1 with
the resulting diﬀerential equation 5.2.
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Cs
k−−−−−→ Cs−r + Cr (5.1)
∂[Cs]
∂t
= −k · s · [Cs] (5.2)
Enzymatic hydrolysis model
The model for enzymatic cellulose hydrolysis is exemplarily illustrated in detail
for endo-β-glucanase and exo-β-glucanase using the classic Michalis-Menten mech-
anism (Michaelis and Menten, 1913). Endo-β-glucanase (EG) is assumed to be
active on cellotriose and higher polymers, thus solely binding cellulose with DP
> 2. Similar to chemical hydrolysis, endo-β-glucanase can bind anywhere along
the cellulose chain, leading to a binding probability proportional to the DP of
the cellulose chain. Furthermore, it was assumed that the binding pocket of the
endo-β-glucanase covers six to ten binding sites (Kleywegt et al., 1997). The
resulting reactions are shown in eqs. 5.3 and 5.4.
EG+ Cs
kEG,1−−−−−−−−→←−−−−−−−−
kEG−1
EGCs, s > 2 (5.3)
EGCs
kEG,2−−−−−→ EG+ Cs−r + Cr, r < s (5.4)
The corresponding diﬀerential equations are given in equations 5.5 to 5.7.
∂[EG]
∂t
= −kEG,1 · [EG] ·
(∑
s
[Cs] · (s− 5)Θ(s−5)
)
+ (kEG,−1+ kEG,2) ·
∑
s
[EGCs]
(5.5)
∂[EGCs]
∂t
= kEG,1 · (s− 5)Θ(s−5) · [EG] · [Cs]− (kEG,−1 + kEG,2) · [EGCs] (5.6)
∂[Cs]
∂t
= −kEG,1 ·(s−5)Θ(s−5) · [EG] · [Cs]+kEG,−1 · [EGCs]+2 ·kEG,2 ·
∞∑
s=r+1
[EGCs]
(5.7)
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The chain length-dependent binding of EG to the polymer is accounted for by
the Heavyside function Θ, taking 1 for positive and 0 for chains shorter than the
binding pocket of six to ten glycosyl binding sites using the weight factor s-5
(Kleywegt et al., 1997).
Exo-β-glucanases (CBH) bind to the reducing or non-reducing end of the cellulose
chains (reaction 5.8) and produce cellobiose as product. Some CBHs are processive
by sticking to the ﬁber after hydrolysis. Thereby, the cellulases can either detach
from the cellulose chain (reaction 5.9) or remain attached and proceed by two
anhydroglucose units (reaction 5.10) (Divne et al., 1994; Rouvinen et al., 1990).
The diﬀerent types of exo-β-glucanases CBH I and CBH II attack from the
reducing or non-reducing end, respectively. However, this is not distinguishable
within the modeling environment. Therefore, they are further referred to as CBH,
unless otherwise speciﬁed.
CBH + Cs
kCBHG,1−−−−−−−−−−→←−−−−−−−−−
kCBH−1
CBHCs, s > 2 (5.8)
CBHCs
kCBH,2−−−−−−→ CBH + Cs−2 + C2 (5.9)
CBHCs
kCBH,2−−−−−−→ CBHCs−2 + C2, s > 2 (5.10)
In the corresponding diﬀerential equations 5.11-5.14, the processivity is expressed
in terms of a probability pproc.
∂[CBH]
∂t
= −kCBH,1·[CBH]·
∞∑
s=3
[Cs]+
(
kCBH,−1+kCBH,2·(1−pproc)
)· ∞∑
s=3
[CBHCs]
(5.11)
∂[CBHCs]
∂t
= kCBH,1·[CBH]·[Cs]−(kCBH,−1+kCBH,2)·[CBHCs]+kCBH,2·pproc·[CBHCs+2]
(5.12)
∂[Cs]
∂t
= −kCBH,1·[CBH]·[Cs]+kCBH,−1·[CBHCs]+kCBH,2·(1−pproc)·[CBHCs+2]
(5.13)
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∂[C2]
∂t
= kCBH,2 ·
∞∑
s=3
[CBHCs] (5.14)
The β-glucosidase reaction equations correspond exactly to the general formulation
of Michaelis-Menten kinetics. Diﬀerent types of competitive and uncompetitive
inhibition were further considered. Additionally, higher order complexes, i.e.
cellulose chains with more than one bound cellulase, can be easily implemented.
For more realistic multi-substrate mechanisms such as the retaining and inverting
cellulases, ping-pong bi-bi and ordered bi-bi mechanisms, respectively, can also be
incorporated accordingly (Mosier et al., 1999; Cleland, 1963). The implementation
in PREDICI does not require the individual set-up of the CODE system as
outlined above, but is simpliﬁed by deﬁning the actual mechanism consisting of
the elementary reaction steps occurring in a particular simulation case (Wulkow,
2008). Table 5.1 summarizes the generalized reversible and irreversible reaction
steps for the diﬀerent cellulases.
Table 5.1: Elementary reaction for cellulase activity based on the Michaelis-Menten
(MM) model. E can be replaced by any cellulase (BG, EG, CBH).
Reaction step Reaction Conditions
MM complex formation E + Cs
kE,1−−−−−−→←−−−−−−
kE,−1
ECs
BG s = 2
EG, CBH s > 2
Higher order complexes E + ECs
kE,1−−−−−−→←−−−−−−
kE,−1
EECs EG, CBH s > 7
Cellulose degradation ECs kE,2−−−−−−→ E + Cs−r + Cr
BG s = 2, r = 1
EG r < s
CBH r = 2
Processive degradation ECs kE,2−−−−−−→ ECs−2 + C2 CBH s > 2
Competitive inhibition E + C1/2
kE,3/5−−−−−−−→←−−−−−−−
kE,−3/5
EC1/2 BG only C1
Uncompetitive inhibition ECs + C1/2
kE,4/6−−−−−−−→←−−−−−−−
kE,−4/6
C1/2ECs BG only C1
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5.3 Results and discussion
5.3.1 Chemical hydrolysis
The chemical hydrolysis of homogeneously dissolved cellulose in ionic liquids is
possible by using solid acid catalysts (Rinaldi et al., 2008). It was shown that the
solid acid catalyst releases acid to the medium that accomplishes the homogeneous
catalytic reaction (Rinaldi et al., 2010) and was used as the ﬁrst test case for
population balance modeling to describe cellulose hydrolysis. Data for sugar
release and chain length distributions (CLD), provided by the cooperation partner
from the MPI in Mülheim (Rinaldi et al., 2010), is used to identify suitable kinetic
models. It is important to note that side reactions, such as dehydration of glucose
to hydroxymethylfurfural (HMF) occurred, but were not yet considered in the
kinetic models.
Parameters for the 1st order solid acid hydrolysis of α-cellulose in the ionic liquid
BMIM Cl were estimated based on the progress of the sugar formation and the
cellulose CLD. Several model ﬁtting strategies were pursued to investigate the
eﬀect of data availability of the depolymerization reaction, i.e. ﬁtting based on
CLD, on number average degree of polymerization (DPN) over time, on weight
average degree of polymerization (DPW) over time, or on combinations of these
datasets. The corresponding results are summarized in Tab. 5.2.
Table 5.2: Results for parameter estimation of the rate parameter k of chemical cellulose
hydrolysis.
Estimation based on Chain length dependency
Linear Quadratic
k [s−1] 95% conf. interval k [s−1] 95% conf. interval
Sugar release 9.49e−06 4.26e−06 3.08e−03 7.25e−04
DPW 3.84e−05 1.17e−05 6.20e−03 9.78e−04
DPW and DPN 4.00e−05 7.30e−06 6.32e−03 5.94e−04
CLD 3.92e−05 3.16e−05 6.23e−03 2.56e−03
The parameter estimation based on sugar release deviated signiﬁcantly from that
based on CLD information, by an order of magnitude for the linear chain length
dependence, and by a factor of two for the quadratic chain length dependence.
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This was a hint towards changing reactivity of the cleavable bonds depending on
the chain length. The parameter estimation gave results of similar quality based
on the conﬁdence intervals if performed for variations of the distribution data, i.e.
either DPN or DPW or the full CLD information. Interestingly, the parameter
estimation with combined data of sugar release and chain length distribution
resulted in an inferior model ﬁt with larger conﬁdence intervals, despite the
additional information. The best results were obtained using the quadratic chain
length dependency, based on both DPW and DPn data (Fig. 5.1).
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Figure 5.1: Chemical hydrolysis model with quadratic chain length dependence based
on DPW data. (A) DPW over time. (B) Monomeric sugars release over
time. Experimental data from (Rinaldi et al., 2010).
As shown in Fig. 5.1, the parameter estimation based on this model delivered
good results based on the conﬁdence intervals in Tab. 5.2, both with respect to
distribution data (DPW and DPN likewise) and a good ﬁt of monosugars and
their degradation products. However, polydispersity and results for the formation
of cellobiose C2 were slightly worse (not shown). The deviation of modeled and
experimental polymer distribution and released soluble oligomers was mainly
attributed to sugar degradation that are not yet fully understood mechanistically.
Particularly, in Fig. 5.1B, the modeled curvature of the sugar release was lower
than the one of the actually measured data. This could be attributed to an even
higher than quadratic chain length dependence of k, favoring the release of longer
chains over the release of monomers. An alternative explanation could be an initial
slow release of the catalytic active species from the solid acid catalyst (Rinaldi et
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al., 2010) that would need to be modeled by a time-dependent parameter k. Yet,
these parameter estimation results demonstrate the potential of the population
balance modeling methodology which was transferred to homogeneous enzymatic
cellulose hydrolysis, as shown below.
5.3.2 Enzymatic hydrolysis
Kinetic parameter choice for homogeneous cellulase model
The simulation of homogeneous enzymatic cellulose hydrolysis in the ionic liquid
system requires appropriate initial conditions and model parameters. Despite
the promising results from the experiments on homogeneous cellulose hydrolysis
in chapter 4, the reaction rates and yield were far too low to estimate suitable
reaction parameters. There were also no cellulase kinetic parameters available
in the literature for the homogeneous conversion of dissolved cellulose since no
other cellulase has been identiﬁed to work in nearly pure ionic liquid. Therefore,
the endo-β-glucanase model parameters were based on data for the hydrolysis of
dissolved cellulose using heterogeneous acid catalysis (Rinaldi et al., 2008) and
have been rescaled to the longer reaction times expected for enzymatic catalysis.
The kinetic parameters for CBH I and CBH II have been normalized with respect
to the EG parameters based on their observed speciﬁc activity (Tömme et al., 1988;
Zhang and Lynd, 2006). The resulting activities vmax, binding parameters Km and
inhibition parameters have then been transformed to elementary reaction rates
using the appropriate deﬁnitions (Table 5.3). Thereby, it was possible to illustrate
that the proposed model was generally suitable to describe the homogeneous
enzymatic cellulose hydrolysis despite the lack of suﬃcient experimental data.
The chosen parameter set corresponded to maximal speciﬁc cellulase activities of
EG, CBH I, CBH II, and BG of 13, 1.9, 4.5 and, 4 nmolmin−1mg−1, respectively.
The chosen k values were one order of magnitude lower than the kcat values
reported for EG, CBH I, and II (Tömme et al., 1988) to account for the reduction
of cellulase activity typically observed in non-conventional media. The Michaelis-
Menten constants calculated based on the elementary reaction parameters were
12.2, 5.6, 7.2, and 12.2mM for EG, CBH I, CBH II, and BG, respectively. They
were of the same order of magnitude to the values reported for soluble cellotriose
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Table 5.3: Reaction kinetic parameter set for simulations of the diﬀerent cellulase
activities under standard conditions.
Parameter unit EG CBH I CBH II BG
kE,1 [Lmol
−1 s−1] 1.34e+00 1.34e+00 1.34e+00 6.70e+00
kE,−1 [s−1] 5.29e−03 5.29e−03 5.29e−03 2.65e−02
kE,2 [s
−1] 1.11e−02 2.20e−03 4.39e−03 5.50e−02
kE,3, kE,5 [Lmol
−1 s−1] 2.68e−01 2.68e−01 2.68e−03 n/a
kE,−3, kE,−5 [s−1] 1.06e−03 1.06e−03 1.06e−03 n/a
kE,4, kE,6 [Lmol
−1 s−1] n/a n/a n/a 1.34e+00
kE,−4, kE,−6 [s−1] n/a n/a n/a 5.29e−03
to cellohexaose (Koivula et al., 2002), but cannot easily be related to measured Km
values for solid cellulose substrates. The product inhibition constant for inhibition
by cellobiose and glucose, corresponded to Ki = 3.95mM for all cellulases and
is representative for parameters reported for endo- and exo-β-glucanases (Gruno
et al., 2004) and BG from Trichoderma reesei, respectively (Chirico and Brown,
1987; Hofer et al., 1989).
Simulations of individual and combined reaction systems
The homogeneous enzymatic hydrolysis of cellulose dissolved in ionic liquid is
illustrated using the Michaelis-Menten kinetics model. The initial molar mass
distribution is based on α-cellulose GPC data from the chemical hydrolysis
(Rinaldi et al., 2008). The hydrolysis with endo-β-glucanase, exo-β-glucanases
and a combination of both were simulated. The resulting changes in CLD and
sugar formation are presented in Fig. 5.2.
The population balance model for enzymatic cellulose hydrolysis with solely
endo-β-glucanase (Fig. 5.2A) showed an apparent shift of the distributions to
lower chain lengths. The maximum chain length reduced by two orders of magni-
tude within the ﬁrst 30 min. Accordingly, the sugar yield increased (Fig. 5.2B) over
time and reached 95% conversion after 10 h. Cellobiose and glucose were formed
in equimolar amounts based on the statistical cleavage mode, reaching 3.5 and
1.75 g/L, respectively. In contrast to endo-β-glucanase, exo-β-glucanase action
(Fig. 5.2C) showed a reduction of the normalized weight concentrations without
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Figure 5.2: Chain length distributions and soluble sugar formation during cellulose
hydrolysis with individual and combined cellulases. Left column: nor-
malized concentration distribution of the cellulose chain length. Right
column: release of soluble reducing sugars. Simulation conditions: 10 g/L
α-cellulose, simulated without inhibition or higher order complexes. (A/B)
3 g/L endo-β-glucanase, (C/D) 15 g/L exo-β-glucanase, (E/F) 3 g/L endo-
and 15 g/L exo-β-glucanase. Model parameters are listed in Tab. 5.3.
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an apparent change in the maximum chain length of the distribution. Cellobiose
was the only soluble sugar formed from exo-β-glucanase (Fig. 5.2D) and even
after very long reaction times of more than 1000 h only 40% conversion were
achieved. The combination of endo- and exo-β-glucanase (Fig. 5.2E) resulted in a
combined shift to lower chain lengths and a reduction in relative height of the
chain length distributions. 95% conversion was reached after only 8 h and the
molar ratio of cellobiose to glucose had nearly a factor of two. Thus, approxi-
mately 3 g/L cellobiose were formed by exo-β-glucanase, which was a signiﬁcant
increase in exo-β-glucanase activity in the system containing exo-β-glucanase and
endo-β-glucanase in comparison to the system containing only exo-β-glucanase.
The increase in exo-β-glucanase activity was due to the synergistic eﬀects in the
combined system and the larger number of chain ends for exo-β-glucanase binding
that were produced by endo-β-glucanase.
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Figure 5.3: Activity and degree of synergy for individual and combined cellulases with
increasing conversion. Activities and degree of synergy were calculated
from the sugar formation in Fig. 5.2.
The synergism achieved by the combined endo- and exo-β-glucanase activity is
further illustrated by the cellulase activities calculated from sugar formation with
increasing conversion. The degree of synergy is deﬁned as the ratio of the activity
of the combined cellulases and the sum of the individual cellulase activities and is
shown in Fig. 5.3.
The individual exo-β-glucanase activity reached a maximum activity of 0.25μmol
cellobiose per liter and min after a short time and remained constant throughout
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the reaction progress. The constant activity was caused by the constant amount
of chain ends present during the hydrolysis that were saturated quickly by the
exo-β-glucanase excess in the reaction. In contrast, the endo-β-glucanase activity
increased initially up to a maximum of 90U/L at 10% conversion and declined
with further increasing conversion. This was due to the statistical cleavage of
the cellulose chains, where signiﬁcant amounts of soluble sugars were formed
once the maximum chain length reduced signiﬁcantly. The synergistic eﬀect of
the combined cellulase system was illustrated with higher activities compared to
the individual cellulases at same conversion. The synergism became apparent
above approximately 5% conversion, after the endo-β-glucanase had increased
the number of chain ends signiﬁcantly, such that the exo-β-glucanase is no longer
limited by the number of available substrate binding sites. The DS increased
with increasing conversion to a value of 2 at about 85% conversion, where both
cellulases started to compete for the available cellulose chains. Synergism of
cellulases has been observed and described previously for various exo- and endo-
β-glucanases (Okazaki and Mooyoung, 1978; Henrissat et al., 1985; Nidetzky et
al., 1994; Väljamäe et al., 1998; Zhang and Lynd, 2004). The calculated DS in
Fig. 5.3 was in the lower range of observed DS values reported for a heterogeneous
reaction system using T. reesei endo- and exo-β-glucanases. This might be on
the one hand due to the fact that comparably simple model assumptions and
only a two cellulase system was used. On the other hand the synergism for a
fully homogeneous system as applied here might diﬀer substantially from the
synergistic eﬀects in a heterogeneous system. Similar trends have been previously
observed showing higher synergism with reduced crystallinity but contrary a lower
synergy with fully amorphous substrate (Zhang and Lynd, 2004).
Despite the fact that the enzymatic models presented here were hypothetical
and not yet based on experimental results, one key strength of a mathematical
simulation lies in its capability to vary parameters that are not easily adjustable in
experiments. In this respect, the type of cellulose chain length distribution could
be easily varied from very narrow distributions with an extremely high average
DP of 30000 in comparison to a broad distribution of constant concentration.
Interestingly, almost no diﬀerence in the resulting distributions and sugar formation
was observed after the ﬁrst 30min of hydrolysis. This result was in agreement
with observations from homogeneous chemical cellulose hydrolysis with maximum
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DP of 3000 and 100000, where symmetric chain length distributions were achieved
within approximately 1.5 h (Rinaldi et al., 2008).
Another aspect that can be addressed by simulation is the optimal cellulase
mixtures for each particular substrate (compare with chapter 3). The natural
cellulase mixtures from T. reesei are optimized by nature for the hydrolysis of
rotting wood to feed the fungus. In the reaction system of homogeneously dissolved
cellulose all structural properties can be neglected for an eﬃcient degradation
of the cellulose. Consequently, the best cellulose mixture for the hydrolysis of
dissolved cellulose might diﬀer substantially from the cellulase mixtures present in
nature. Therefore, simulations with diﬀerent endo-/exo-β-glucanase ratios were
performed. The sugar yields for varying endo-β-glucanase fractions at diﬀerent
conversion levels are compared in Fig. 5.4.
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Figure 5.4: Hydrolysis reaction rate with diﬀerent endo-/exo-β-glucanase ratios at vary-
ing conversion. Simulation condition according to Fig. 5.2 and parameters
listed in Tab. 5.3.
The reaction rate increased approximately linearly with increasing endo-β-glucanase
fraction at the conversion levels between 10-70%. The highest reaction rate
was observed for pure endo-β-glucanase. This behavior corresponded to the
non-cooperative cellulase activity observed for CMC hydrolysis using endo- and
exo-β-glucanases (Henrissat et al., 1985). In homogeneous cellulose hydrolysis,
the optimal cellulase mixture should thus contain the highest possible fraction
of endo-β-glucanase. At very high conversions some exo-β-glucanase might
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nonetheless be beneﬁcial due to the increasing synergism with higher conversion
observed in Fig. 5.3, however this aspect was not evaluated here.
Until now only a simpliﬁed hydrolysis setup with two cellulases has been simulated.
To illustrate the applicability of the modular model setup a more advanced
hydrolysis scenario was simulated next, containing a total of four glucanases and
considering product inhibition in Fig. 5.5. This was performed to illustrate the
eﬀect of inhibition and the eﬀect of β-glucosidase addition in the cellulases.
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Figure 5.5: Cellulase activity as a function of conversion with various cellulases consid-
ering product inhibition. 10 g/L α-cellulose, 15 g/L CBH I, 5 g/L CBH II,
3 g/L EG I, without considering higher order complexes.
By including the second exo-β-glucanase in the system, the cellulase activity
increased slightly compared to the two cellulase reaction system in Fig. 5.3. With
mixed product inhibition by cellobiose for all cellulases the enzymatic activity
was reduced substantially to below 30% - 60% with increasing conversion. The
addition of β-glucosidase reduced the inhibitory eﬀect leading to almost identical
reaction rates as for the system without inhibition at early conversion. However,
at conversions >10% the enzymatic activities were slightly lower than for the
noninhibited case since β-glucosidase was inhibited by glucose. The extent of
inhibition observed here is in accordance with earlier simulation studies where
the glucose and cellobiose yield was increased by 20-25% when inhibition was not
considered (Gusakov et al., 1985). Therefore, the importance of inhibition and
the role of β-glucosidase was clearly illustrated by the simulations presented here.
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5.4 Summary of key ﬁndings
In this chapter the chemical and enzymatic cellulose hydrolysis in a homogeneous
reaction was modeled by accounting for the cellulose chain length distributions
using population balances. To illustrate the applicability of population balance
modeling, a parameter estimation was successfully performed for a chemical
hydrolysis assuming ﬁrst order reactions kinetics. Next, a modular model for the
homogeneous enzymatic cellulose hydrolysis was developed. It was shown that
the model was suitable to describe the hydrolysis with individual cellulases as
well as cellulase mixtures. Furthermore, insight in the homogeneous enzymatic
cellulose hydrolysis was provided by sensitivity studies with varying initial chain
length distributions and cellulase mixtures. In summary, the high potential of
population balances to model the homogeneous cellulose hydrolysis was successfully
demonstrated.
The next steps towards the application of population balance modeling for cellulose
hydrolysis are parameter estimations using experimental data from enzymatic
reactions. Therefore, progress curve measurements for the homogeneous cellulose
hydrolysis using the cellulase in chapter 4 and new cellulases, have to be continued.
Furthermore, the enzymatic hydrolysis model should be extended to describe
the heterogeneous cellulose hydrolysis. This includes the implementation of
particle properties, such as size, geometry, porosity and crystallinity, thereby,
correctly describing the available surface area and accessibility for the cellulases.
Once the models are used for heterogeneous cellulose hydrolysis, the population
balance modeling approach can likely be extended to model particle size and pore
size distributions in addition to the chain length distributions. Including the
heterogeneous hydrolysis will drastically increase the complexity of the cellulase
model, which has to be accompanied by additional suitable experiments.
With respect to appropriate measurement techniques, one important aspect is
the analysis of cellulose molar mass distributions during enzymatic hydrolysis.
Therefore, in chapter 6, a new method is presented that signiﬁcantly simpliﬁes
sample preparation for the measurement of cellulose molar mass distributions.
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6 Gel permeation chromatography
of cellulose
6.1 Approaches to measure cellulose molar mass
distributions
Chapter 5 illustrated the importance of measuring cellulose chain length distribu-
tions during cellulose hydrolysis as experimental values for population balance
modeling. Gel permeation chromatography (GPC) is a well-established technology
to provide in-depth information on the cellulose polymer molar mass distribu-
tions (Eremeeva, 2003). In addition, it is particularly useful to understand and
improve the enzymatic cellulose hydrolysis. Until now, cellulose pretreatment
and enzymatic hydrolysis eﬃciency is primarily assessed by soluble sugar analysis
(Lynd et al., 2002; Zhang et al., 2006) that is evaluated and correlated to the
corresponding substrate properties of cellulose: crystallinity, particle size, and
accessible surface area (Arantes and Saddler, 2010, 2011; Rollin et al., 2011).
Likewise, the heterogeneous cellulose hydrolysis in chapter 2 and 3 was evaluated
based on soluble sugar formation. However, the focus on sugar formation excludes
substantial aspects of the hydrolysis reaction: The enzymatic cellulose hydrolysis
is performed by a mixture of diﬀerent endo- and exo-acting cellulases. Partic-
ularly the endo-β-glucanases cut the polymer in the interior of the chain, not
necessarily resulting in direct formation of soluble sugars detectable by common
reducing sugar assay (see chapter 4). The statistical release of shorter polymer
products would provide additional information about the hydrolysis and the eﬀect
of pretreatment eﬃciency on cellulose accessibility. Therefore, the investigation of
enzymatic cellulose hydrolysis should focus on changes in the cellulose polymer
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during the reaction in addition to soluble sugar analysis and cellulose molar mass
distributions should be measured standard-wise to correlate them to cellulose
types and pretreatment methods.
Despite the advantages of cellulose gel permeation chromatography to analyze
cellulose molar mass distributions during enzymatic hydrolysis, only very few
studies performed GPC measurements due to a complex and labor intensive
sample preparation (Pala et al., 2007; Strobin et al., 2003). The primary challenge
for chromatographic analysis is the very low solubility of cellulose. An established
method to dissolve cellulose is the prior derivatization with phenylisocyanate to
form tricarbanilates for dissolution in tetrahydrofuran (THF) (Evans et al., 1989).
Other well established methods dissolve cellulose in DMAc/LiCl or DMI/LiCl
(Dawsey and McCormick, 1990; Yanagisawa and Isogai, 2005; Yanagisawa et
al., 2005). The latter methods have the advantage of analyzing non-derivatized
cellulose but most frequent used methods require swelling or activation of cellulose
with ammonia or water before dissolution in DMAc/LiCl (Rosenau et al., 2002).
As a result, the sample preparation for the analysis takes several days like for
cellulose derivatization, signiﬁcantly limiting the number of samples that can be
analyzed (Henniges et al., 2011). Therefore, new methods to prepare and analyze
cellulose via GPC are highly desirable. One recent new approach has applied
ionic liquids as solvent and eluent in cellulose analysis by GPC (Fukaya et al.,
2011). Ionic liquids as eluent pose the disadvantage of high viscosity, requiring
low ﬂow rates of 0.01mL/min that lead to impractically long analysis times. In
conclusion, a viable and robust method that can analyze cellulose quickly and
without extensive sample preparation is still missing.
In this chapter, a new GPC method is presented that does not require any
cellulose activation or derivatization prior to cellulose analysis. The cellulose
dissolution is based on a recent report using organic solvents containing small
amounts of ionic liquid (Rinaldi, 2011). Here, a mixture of DMF and EMIM Ac
was used to dissolve cellulose and to elute cellulose from the GPC column. The
new solvent system was evaluated for the three commonly used cellulose types
Avicel, α-cellulose, and Sigmacell 101. As an application example, the eﬀects
of ionic liquid pretreatment on the cellulose molar mass distributions during
enzymatic hydrolysis were compared to that of untreated cellulose. Based on the
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results, the eﬀect of the pretreatment on the mode of enzymatic hydrolysis was
evaluated and a substantially altered cellulose molar mass distributions during
enzymatic hydrolysis was observed. Thereby, the applicability of cellulose molar
mass distribution analysis to evaluate the eﬃciency of cellulose pretreatment was
demonstrated.
6.2 Material and methods
Materials
The cellulose substrates Avicel PH101, Sigmacell 101, and, α-cellulose were
purchased from Sigma-Aldrich (St Louis, USA). The ionic liquid 1-ethyl-3-
methylimidazolium acetate (EMIM Ac) was kindly provided by BASF (Lud-
wigshafen, Germany). The commercial cellulase preparation Celluclast 1.5 L
from T. reesei ATCC26621 (Novozyme, Denmark) was desalted as described in
chapter 2 and used in the hydrolysis experiments.
Sample preparation
Cellulose was dissolved for the GPC measurement without any prior swelling,
activation, or derivatization. 1-2 g/L cellulose was dissolved in DMF containing 10-
20% (v/v) EMIM Ac at 80 ◦C for 1 h. 2 g/L Avicel dissolved almost instantaneously
in DMF containing 10% (v/v) EMIM Ac and formed a visually clear solution.
1 g/L α-cellulose and Sigmacell 101 in DMF containing 20% (v/v) EMIM Ac
formed a clear solution within less than 10 minutes. For measurement of cellulose
during enzymatic hydrolysis, 1mL samples, containing 10 g/L cellulose were
dried over night at 80 ◦C prior to the dissolution of 1 mg dried cellulose in 1mL
DMF/EMIM Ac. Before injection, the samples were ﬁltered with a Whatman
1μm PTFE ﬁlter (GE Healthcare, Buckinghamshire, UK).
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Gel permeation chromatography
The gel permeation chromatography system consisted of an isocratic pump, auto-
sampler with thermostat (Agilent 1200 series, Santa Clara, USA) and a set of
GRAM separation columns, which consist of a polyester copolymer-network: one
30 Å and two 10 000 Å columns (PSS, Mainz, Germany) kept at 60 ◦C in a
column oven (K7, Techlab, Erkerode, Germany). A MALLS detector was used for
absolute molecular weight measurement (DAWN HELEOS 8+ λ 658 nm, Wyatt
Technologies, Santa Barbara, USA) and a refractive index detector (Optilab rEX
λ 658 nm, Wyatt Technologies) for quantiﬁcation. Data acquisition was performed
with Astra Software (Wyatt Technologies) and molecular weights were calculated
from the light scattering data using the formalism according to Zimm ﬁrst order.
100μL samples with 1-2 g/L cellulose in DMF containing 10-20% (v/v) EMIM Ac
were injected and analyzed at a ﬂow rate of 0.5mL/min DMF containing 10% (v/v)
EMIM Ac as eluent.
Measurement of speciﬁc refractive index increment
The speciﬁc refractive index increment (dn/dc) for cellulose in DMF/10% (v/v)
EMIM Ac was determined using Optilab rEX refractive index detector. Ten
20-100μL samples of 0.5 g/L cellulose in DMF/10% (v/v) EMIM Ac were directly
injected into the dRI detector. From the peak in the dRI detector the dn/dc value
was then calculated based on 100% mass recovery in the ASTRA software. The
resulting dn/dc value was 0.168± 0.006mL/g. This value was further conﬁrmed
by the GPC measurements of the cellulose, showing a mass recovery in the dRI
signal of 95-110% in all measurements.
Cellulose pretreatment and enzymatic hydrolysis
The regenerated cellulose from ionic liquid pretreatment was obtained as described
in chapter 2.2. 50 g/L cellulose were dissolved at 80 ◦C for 1 h. The dry mass
fraction of the diﬀerent cellulose types was determined to 8.3%, 10.4% and 9% for
Avicel, α-cellulose, and Sigmacell, respectively.
Cellulose hydrolysis was performed at 45 ◦C in 0.1M sodium acetate buﬀer (pH 4.8)
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with 10 g/L cellulose and 0.25 g/L desalted cellulase in 15mL Falcon tubes in a
MHR 23 (HLC Biotech, Bovenden, Germany). To stop the enzymatic hydrolysis,
the samples were transferred to an ice bath for 20min. The undissolved cellulose
was afterwards removed by centrifugation at 4 ◦C. The glucose and cellobiose
concentration in the supernatant were determined by Dionex HPLC as described
in section 3.2. The undissolved cellulose pellet was further inactivated at 100 ◦C
in a water bath for 10min and afterwards dried at 85 ◦C over night before the
GPC measurement.
6.3 Results and discussion
To evaluate the new DMF/EMIM Ac solvent system for cellulose molar mass
distribution analysis by GPC, the three cellulose types Avicel, α-cellulose, and
Sigmacell were analyzed. MALLS measurement was used for absolute molecular
weight determination because no ideal GPC standard for cellulose is available. In
addition, MALLS measurement provides direct information about the quality of
the separation method. In Fig. 6.1 the dRI and molar mass signals for the three
cellulose types and the resulting diﬀerential molar mass distributions are given.
Fig. 6.1A, C and E illustrate the quality of the measurement with this new GPC
method. Based on the dRI signal mass recovery was calculated to be 102%,
99% and 109% for Avicel, α-cellulose and Sigmacell, respectively, indicating that
cellulose was completely dissolved and detected in DMF/EMIM Ac with a low
acceptable error. The dissolution charcteristics of the cellulose in DMF/EMIM Ac
could be further characterized e.g. by NMR or dynamic light scattering (Röder
et al., 2001). The mass recovery conﬁrmed also that the correct dn/dc value of
0.168mL/g was used. The molecular weight signals of all three cellulose types
showed a steadily declining molecular weight with increasing elution volume
suggesting a truly size-based chromatographic separation. Beyond an elution
volume of 30mL lower molecular weight oligomers at relatively low concentrations
eluted, resulting in increased noise of the light scattering signal due to the small
refractive index increment. Nonetheless, all three cellulose types displayed the
same slope of the log molar mass vs. elution volume regression, indicating the
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Figure 6.1: GPC measurement of diﬀerent cellulose types. dRI and molecular mass
elution proﬁle for (A) Avicel, (C) α-cellulose, and (E) Sigmacell. Resulting
diﬀerential molar mass distributions calculated for for (B) Avicel, (D)
α-cellulose and (F) Sigmacell. Eluent DMF/10% (v/v) EMIM Ac, 100μL
injection with 1 g/L cellulose and ﬂow rate 0.5mL/min. Solid red lines are
a ﬁrst order exponential ﬁt to the molar mass data.
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high quality of the cellulose analysis. The diﬀerential molar mass distributions
were calculated using the corresponding parameters of the exponential ﬁt lines.
From the diﬀerential molar mass distributions in Fig. 6.1B, D and F the weight
average molecular weights Mw were determined to be 2.84 · 104, 10.9 · 104, and
7.61 · 104 g/mol and the polydisperity (Mw/Mn) of the distributions were 3.1, 4.7,
and 3 for Avicel, α-cellulose, and Sigmacell, respectively. This conﬁrmed the
expected molecular weight ranges to be the smallest Mw for Avicel and the largest
Mw for α-cellulose. The measured Mw values for the diﬀerent cellulose types were
in the same order of magnitude and sequence as previous results (Evans et al., 1989;
Guerra et al., 2003; Pala et al., 2007; Röder et al., 2001; Schelosky et al., 1999).
However, comparing Mw values in the literature for the most deﬁned cellulose,
Avicel, showed variations from 0.49 · 104 to 4.9 · 104 g/mol (Evans et al., 1989;
Pala et al., 2007; Schelosky et al., 1999). This large variation can be attributed
to a number of factors, i.e. lot-to-lot variability of the batches, diﬀerent cellulose
preparation methods, and most importantly diﬀerent calibration standards used
(Evans et al., 1989; Henniges et al., 2011; Röder et al., 2001). In particular, cellulose
derivatization potentially results in a loss of lower molecular weight oligomers,
leading to an overestimation of Mw (Pala et al., 2007). A possible derivatization
of the reducing end of cellulose or degradation by EMIM Ac has been reported
(Ebner et al., 2008; Pinkert et al., 2009, 2010). Here, the cellulose degradation was
minimized by applying moderate temperatures of < 85 ◦C and short incubation
times of 1 h for dissolution. A potential derivatization of cellulose at the reducing
end would not signiﬁcantly alter GPC analysis because the derivatized reducing
end causes only negligible changes of the molecular weight of the high molecular
polymer.
After showing the applicability of the new GPC method for cellulose analysis,
the changes in the molar mass distribution during enzymatic cellulose hydrolysis
were investigated to understand how diﬀerent cellulose properties and ionic liquid
pretreatment aﬀect the mechanism of the enzymatic hydrolysis. The diﬀerential
molar mass distributions during hydrolysis of untreated and regenerated Avicel,
α-cellulose, and Sigmacell are compared in Fig. 6.2.
The areas under the curves in Fig. 6.2 correspond to the conversion of cellulose
measured by HPLC and provided in the ﬁgure legend. During hydrolysis of
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Figure 6.2: Diﬀerential molar mass distributions at diﬀerent times during enzymatic
hydrolysis of (A, C, E) untreated and (B, D, F) regenerated cellulose using
(A, B) Avicel, (C, D) α-cellulose amd (E, F) Sigmacell. Areas under the
curves were adjusted to represent weight loss during the hydrolysis. Enzy-
matic hydrolysis performed at 45 ◦C using 0.25 g/L desalted Celluclast in
0.1M sodium acetate buﬀer pH 4.8. Eluent DMF/10% (v/v) EMIM Ac,
ﬂow rate 0.5mL/min.
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untreated Avicel in Fig. 6.2A the height of the distribution reduced along with
conversion. No signiﬁcant change in the relative molar mass distribution was
observable up to a conversion of 33% reached after 48 h. Obviously, soluble sugars
were produced almost exclusively from the cellulose polymer without aﬀecting the
relative molar mass distribution. This result can be attributed to the structural
properties of Avicel, which is microcrystalline cellulose with a crystallinity of
82% and a well-deﬁned average particle size of 44μm (Jäger et al., 2010, 2011).
Crystalline cellulose with a low accessible surface area is primarily hydrolyzed by
exo-β-glucanases that form cellobiose from cellulose (Hall et al., 2010; Mosier et
al., 1999; Zhang and Lynd, 2004). Endo-β-glucanases require a higher accessibility
of the polymer. They hydrolyze only amorphous regions of cellulose in the interior
of the polymer, resulting in reduced molecular weight (Zhang and Lynd, 2004).
Therefore, the results in Fig. 6.2A demonstrate that endo-β-glucanases play a
minor role in the hydrolysis of untreated Avicel explaining the negligible shift in
the molar mass distributions at low conversion levels.
For the hydrolysis of regenerated cellulose the ﬁrst important observation was
that the hydrolysis reaction proceeded drastically faster, which is in accordance
with the results in chapter 2. Furthermore, the ionic liquid pretreatment as it
was performed here, did not change the initial molar mass distributions of the
cellulose before hydrolysis.
Other than the hydrolysis of untreated Avicel, the hydrolysis of Avicel regenerated
from ionic liquids in Fig. 6.2B resulted in a shift of the molar mass distribution
to lower molecular weights and a reduction of the Mw by 37% at a conversion of
only 26%. Additionally, the height of the distribution reduced with increasing
conversion, similar to that of untreated Avicel (Fig. 6.2A). Diﬀerences in the
hydrolysis of untreated and regenerated Avicel with the same cellulase mixture
could be linked to the properties of regenerated cellulose: Regenerated cellulose
is highly porous, giving access to the individual cellulose polymer chains for
the cellulases and also providing cleavage sites for endo-β-glucanase (Zhao et
al., 2009). Consequently, cellulose was now hydrolyzed in a synergistic manner,
not only reducing the distributions in height but also shifting them to lower
molecular weight. In summary, the cellulose pretreatment caused a shift of the
hydrolysis mechanism from a merely exo-β-glucanase activity to a combined exo-
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and endo-activity, resulting in stronger changes in the diﬀerential molar mass
distribution and additionally in a much faster conversion.
The enzymatic hydrolysis of untreated α-cellulose and Sigmacell is shown in
Fig. 6.2C and E, respectively. In contrast to untreated Avicel, a shift of the molar
mass distributions to lower molecular weight during enzymatic hydrolysis was
observed for untreated α-cellulose and Sigmacell. In particular, Sigmacell showed
the strongest reduction in Mw by 43% from 7.61 · 104 to 4.36 · 104 g/mol at 54%
conversion. Again, these results can be attributed to the structural properties of
the two diﬀerent cellulose types. Both were more amorphous than Avicel with a
crystallinity of 64% for α-cellulose and no detectable crystallinity for Sigmacell
(Jäger et al., 2010, 2011). Consequently, already untreated α-cellulose and Sig-
macell was more accessible to endo- and exo-β-glucanases resulting in shifting
diﬀerential molar mass distributions. Nonetheless, even at high conversion there
were still signiﬁcant amounts of high molecular weight polymers remaining. E.g.
after 48 h α-cellulose was converted to 86%, but contained still polymers larger
than 2 · 105 g/mol. Probably, these were non-hydrolysable crystalline cellulose
residuals.
The hydrolysis of regenerated α-cellulose and Sigmacell is shown in Fig. 6.2D and
E, respectively. Same as for regenerated Avicel, both substrates are amorphous,
resulting in a shift of the diﬀerential molar mass distributions to lower molecular
weight during hydrolysis. For both substrates, the Mw of the distribution strongly
declined even at very low conversion: The Mw of regenerated α-cellulose reduced
by 43% at less than 2% conversion. This was probably due to high initial
endo-β-glucanase activity on the highly accessible regenerated cellulose and hints
at a challenge in measuring the changes in the molar mass distributions with high
resolution at early incubation times: The hydrolysis reaction has to be quickly
quenched to successfully ’freeze’ the reaction progress.
In addition to the reduction in Mw, also the shape of the molar mass distribution
changed during enzymatic hydrolysis (Fig. 6.2). In particular, the diﬀerential
molar mass distributions of regenerated α-cellulose and Sigmacell became narrower
during hydrolysis. To illustrate the change of the distribution, the polydispersity,
deﬁned as Mw/Mn, during hydrolysis is depicted in Fig. 6.3 for all untreated
and regenerated celluloses. The polydispersity of untreated cellulose increased
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Figure 6.3: Polydispersity during enzymatic hydrolysis of untreated and regenerated
cellulose using (A) Avicel, (B) α-cellulose, and (C) Sigmacell. Same
experimental conditions as in Fig. 6.3.
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substantially with increasing conversion except for Avicel that only reached very
low conversion levels. An increasing polydispersity implies that the distribution
becomes wider during hydrolysis: The number of smaller molecular weight poly-
mers increased while the high molecular weight polymers were still present. In
contrast to untreated cellulose, the polydispersity of regenerated α-cellulose and
Sigmacell gradually declined with increasing conversion which is in accordance
with the degradation of the high molecular weight polymers.
Previous studies that have investigated cellulose molar mass distributions during
hydrolysis include enzymatic hydrolysis (Pala et al., 2007), chemical hydrolysis
(Isogai et al., 2008; Rinaldi et al., 2008, 2010) or both (Strobin et al., 2003). In
summary, it was observed that the cellulose molar mass distributions changed much
stronger for chemical hydrolysis than for enzymatic hydrolysis, which showed good
agreement to our results. Chemical hydrolysis cleaves cellulose chains statistically
reducing the polymer length at early reaction times. In contrast, cellulase mixtures
are naturally evolved to convert cellulose eﬀectively and selectively to soluble
sugars for microbial uptake. The results in this chapter compared diﬀerent cellulose
types and the eﬀect of ionic liquid pretreatment on enzymatic hydrolysis for the
ﬁrst time. In future, the combination of sugar measurements and cellulose polymer
molar mass distributions will contribute fundamentally to understand enzymatic
cellulose hydrolysis, to evaluate pretreatment strategies, and to design optimal
cellulase mixtures.
6.4 Summary of key ﬁndings
The new chromatographic method for cellulose GPC analysis presented in this
chapter employed DMF/EMIM Ac as cellulose solvent and eluent. This solvent
system eliminates the time-intensive sample preparation and allows to measure
larger sample numbers. The new method was validated with three diﬀerent
cellulose types. Afterwards the molecular mass distribution during enzymatic
cellulose hydrolysis was measured and their diﬀerence in the hydrolysis of untreated
and ionic liquid-pretreated cellulose hydrolysis was compared. Besides a strongly
increased hydrolysis rate after pretreatment, the changes in the distributions
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during hydrolysis could be assigned to better accessibility of the cellulose polymer
for cellulases due to the pretreatment.
Therefore, the novel GPC method provides a powerful tool for further in depth
understanding and improvement of cellulose pretreatment and hydrolysis. Using
this method it is now possible to evaluate and compare the eﬀects of diﬀerent
cellulose pretreatment methods on the hydrolysis not only with respect to particle
but also polymer properties. The eﬀect of cellulose pretreatment can then be
correlated to the enzymatic cellulose hydrolysis (compare chapter 2) and further
improve the rational cellulase mixture optimization (see chapter 3).
Also the homogeneous enzymatic cellulose hydrolysis presented in chapter 4 can
be further analyzed by GPC. Thereby, an additional measurement technique is
provided and the qualitative signals from viscosity measurements can be correlated
with the quantitative evaluation of the molecular weight distributions.
For the population balance modeling presented in chapter 5 the novel GPC method
allows providing a suﬃcient data density during hydrolysis that is required for
parameter estimation based on distribution data. Therefore, this novel GPC
analysis will support building a holistic understanding of enzymatic cellulose
hydrolysis.
In conclusion, the GPC method is a central aspect for in-depth understanding of
enzymatic cellulose hydrolysis. This method can potentially be extended for the
measurement of lignin and wood, similar to earlier approaches working with ionic
liquids (Guerra et al., 2003; Zoia et al., 2011).
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7 Summary and outlook
Within this work, the ionic liquid-assisted enzymatic cellulose hydrolysis was
evaluated for the heterogeneous reaction system, i.e. using precipitated cellulose,
and for the homogeneous reaction system, i.e. with fully dissolved cellulose.
Thereby, two alternative approaches were compared and assessed. The enzymatic
cellulose hydrolysis after ionic liquid pretreatment was characterized and optimized
with the goal of a faster and more eﬃcient conversion of cellulose to glucose. The
aspects investigated can be subdivide in (1) exploring new reaction systems and
improving the hydrolysis, (2) fundamental better knowledge of both reaction
systems, and (3) development of new methods required for a better understanding
of the hydrolysis reaction.
Homogeneous cellulose hydrolysis of dissolved cellulose at > 80% (v/v) ionic
liquid was explored as a completely new reaction system for enzymatic ellulose
hydrolysis (chapter 4). A new extremophile endo-β-glucanase from S. solfataricus,
was recombinantly expressed from the yeast K. lactis and ﬁrst characterized in
the aqueous reference system. The cellulase activity was measured with two
independent but complementary measurement techniques on dissolved cellulose at
> 80% (v/v) in the three ionic liquids EMIM Ac, MMIM DMP and EMIM DEP.
Thereby, this work is the ﬁrst proof of principle that cellulose hydrolysis in this
homogeneous reaction system is generally possible.
With respect to the heterogeneous reaction system of ionic liquid pretreated
cellulose, substantial improvements in the hydrolysis were achieved by the rational
cellulose mixture optimization performed in chapter 3. Despite the limited knowl-
edge about the reaction system it was possible to optimize the cellulase mixture
using a cellulase loading dependent semi-empirical model with information from
the individual endo-β-glucanase I, cellobiohydrolase I and β-glucosidase kinetics.
Based on the model predictions, it was possible to experimentally verify an in-
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creased yield of 10% points using an increased endo-β-glucanase content. At
the same time, the initial reaction rate was raised by 48%. An even further
improvement of the cellulose hydrolysis was achieved by a combined chemical
and enzymatic hydrolysis presented in chapter 2.3.3. By combining chemical and
enzymatic hydrolysis an almost quantitative conversion was achieved within only
5 hours.
The results for homogeneous and heterogeneous cellulose hydrolysis were only
possible based on a substantially better understanding of the reaction systems
that is provided by this work. With respect to the homogeneous reaction system
the role of endo- and exo-activites was analyzed by simulations in chapter 5.
Simulation studies showed how the chain length distributions during hydrolysis
were eﬀected by diﬀerent cellulase activities. Furthermore, synergism, cellulase
mixtures, and inhibition in the homogeneous system were modeled and provided
in-depth insight in this new reaction system.
For the heterogeneous system, the detailed interaction of enzyme, substrate and
solvent (ionic liquid) were diﬀerentiated in chapter 2. It was found that the activity
was strongly impaired but suﬃcient stability was maintained. Main contributors
to the reduced activity were the increase of viscosity and ionic strength by the
ionic liquid, favoring low viscosity ionic liquids. Despite the negative inﬂuence
that ionic liquid had on the cellulases, it was proposed to hydrolyze regenerated
cellulose in the presence of residual ionic liquid from the pretreatment, which then
led to the successfull cellulase mixture optimization in chapter 3.
Further in-depth insight in the enzymatic hydrolysis reaction was provided by gel
permeation chromatography (chapter 6) that revealed how cellulose pretreatment
changed the enzymatic hydrolysis of long polymer chains. The changes of the
cellulose chein length distribution during enzymatic hydrolysis were analyzed.
The better the accessibility of the cellulose polymer for the enzymes, i.e. low
crystallinity and high porosity, the stronger was the shift of long polymer chains
to shorter chain lengths by endo-β-glucanase activity. This eﬀect was particularly
strong for cellulose after ionic liquid pretreatment. Therefore, the relevance of
endo-β-glucanase for the hydrolysis of substrates with highly accessible cellulose
chains was in agreement with the previous results from chapters 3 and 5 that
already suggested the beneﬁcial eﬀect of higher endo-β-glucanase contents.
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For optimizing and understanding the homogeneous and heterogeneous reaction
system, new analytical methods were required and had to be developed within
this work. Since no cellulase activity was measured in a homogeneous system of
dissolved cellulose in 80% (v/v) ionic liquid before, two independent and comple-
mentary measurement techniques to quantify cellulase activity were developed and
validated in chapter 4. The sugar formation was measured with the colorimetric
PAHBAH assay after potassium phosphate extraction of the sugars from the
ionic liquid. Additionally, the hydrolysis of longer cellulose polymer chains were
analyzed by viscosity measurements of cellulose in ionic liquid solution. The mech-
anistic modeling in chapter 5 was performed using population balance modeling
with the PREDICI software to follow the full chain length distributions during
the reaction. This was the ﬁrst time that population balance modeling was applied
to describe cellulose hydrolysis. Finally, to measure the chain length distributions
a new gel permeation chromatography method was developed in chapter 6. This
new method substantially simpliﬁed the cellulose GPC measurement by directly
dissolving and analyzing cellulose in DMF/10% (v/v) EMIM Ac.
In conclusion, a substantial better understanding and an improvement in the ionic
liquid-assisted enzymatic cellulose hydrolysis was achieved in this work and the
results can support the development of an ionic liquid-based bioreﬁnery process.
Reﬂecting on the properties of ionic liquids for biomass pretreatment showed
on the one hand that it is an excellent solvent to open the highly organized
lignocellulose structure and increase accessibility of the cellulose for enzymatic
degradation. On the other hand, it is important to critically review the current
status and the potential of ionic liquid-pretreatment for biomass utilization. A
number of aspects make a technical and economical application of ionic liquids for
biomass pretreatment in a bioreﬁnery currently impractical: (1) The costs of the
ionic liquids are still very high and need to be reduced. Therefore, (2) the ionic
liquid has to be fully recycled. Approaches for ionic liquid recycling based on
extraction (Shill et al., 2011) or nanoﬁltration (Abels et al., 2012) are currently
under development but substantial long term development is to be expected before
technical application will be possible. For industrial use, (3) the solubility of the
lignocellulose should be in the range of 100-200 g/L. Using the currently known
cellulose dissolving ionic liquid this is either not achievable or leads to extremely
viscous systems that make the handling impractical and lead to mass transfer
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limitation, e.g. of the enzymes to the substrate (see chapter 2). Therefore, (4)
low viscosity solvents with high biomass solubility are required and have to be
developed.
Consequently, ionic liquids still require substantial eﬀorts and at this point
should not be the only solvent system considered for lignocellulose pretreatment.
Other solvent system with organic solvents, such as organosolv (Holtzapple and
Humphrey, 1984), organic acid-catalyzed systems (vom Stein et al., 2011), or
electrolyte-solutions (Rinaldi, 2011) are also very promising solvent fractionation
methods and combinations of the diﬀerent solvent fractionation method could lead
to an overall more eﬃcient and selective cellulose pretreatment. Apart from further
improving the existing solvent systems, this also includes the development of new
solvents which oﬀer ideal properties for cellulose pretreatment, i.e. to open the
cellulose structure and selectively remove the major biomass components cellulose,
hemicellulose, and lignin under physiological conditions and low viscosity.
The strategies and methods developed in this work for the ionic liquid system are
also valuable and applicable for other solvent systems of lignocellulose pretreatment
and enzymatic cellulose hydrolysis. For example, as illustrated in chapter 3, even
for systems that are not yet fully mechanistically understood, the cellulase mixture
can be readily optimized based on information on the solvent inﬂuence on cellulase
activity, stability and synergism. Eventually, this approach can be used to
identify the best cellulase mixture from a library of available enzymes, for diﬀerent
lignocellulose origins or pretreatment method. Therefore, it is necessary to extend
the presented system and also consider the eﬀects of lignin and hemicellulose and
potentially also include the simultaneous conversion of cellulose, hemicellulose
and lignin.
Eventually, a fully mechanistic model to describe the heterogeneous hydrolysis
kinetics should be developed that allows to correctly predict the enzymatic
hydrolysis for substrates of any origin. Such a model can be based on the
presented population balance modeling and has to be further developed to correctly
incorporate all structure-function relationships of the substrate particle properties,
i.e. available surface area, crystallinity, and porosity, to the cellulase adsorption
behavior and its kinetic properties. Once a fully mechanistic model is available
to describe enzymatic cellulose hydrolysis, this will be a powerful tool to design
110
Chapter 7. Summary and outlook
the optimal hydrolysis process, irrespective of the lignocellulose properties and
pretreatment method.
To realize a new bioreﬁnery concept the unit operations for lignocellulose pre-
treatment, cellulose and sugar separation, solvent recycling, and the subsequent
reaction steps are strongly linked to the enzymatic hydrolysis and only the inte-
grated evaluation can result in the most eﬃcient overall process. In this context to
mechanistic knowledge about the enzymatic hydrolysis reaction can also support
the optimization of lignocellulose pretreatment and fractionation. Knowing how
the diﬀerent enzyme activities hydrolyze the cellulosic substrate based on the
structural properties can provide targets to optimize pretreatment so that the
ideal structural properties are obtained for an optimal overall biomass utilization.
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